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Dudley (2), who discovered the inhibitory action of monoiodo 
acid on the mutase enzymatic system responsible for the conver- 
sion of methylglyoxal into lactic acid, thought that this might 
explain the inhibitory effect of halogenated acids upon the gly- 
colytic process. Lohmann (4), however, found that reduced 
glutathione is the coenzyme of methylglyoxalase. Later Loh- 
mann (5) also showed that the inhibition of lactic acid formation by 
0.01 m monoiodoacetic acid was due to destruction of the reduced 
glutathione, the coenzyme of the methylglyoxalase. Dickens 
(1) likewise observed the inhibition of glyoxalase by monoiodo- 
acetic acid and the complete restoration of its activity by the addi- 
tion of reduced glutathione. Yamazoye (15) using a filtered liver 
autolysate with hexosediphosphate found that in the absence of 
reduced glutathione no lactic acid was formed, while methyl- 
glyoxal accumulated. In the presence of glutathione there was a 
considerable production of lactic acid but the other enzymes were 
not affected, since the reduced glutathione acts only upon the 
glyoxalase. 

It seemed desirable to study the relationship between the re- 
duced glutathione content and the glycolytic activity of blood, 
although from Lohmann’s (4) experiments it appears that some 
well glycolyzing muscle extracts may be —SH-free. An examina- 
tion of various bloods has shown that, although there may be an 
apparent relationship between the reduced glutathione and the 
glycolytic power, it does not bear closer scrutiny. Neither in 
fabbit, dog, nor in sheep blood could any correlation be found be- 
tween the glycolytic activity and the reduced glutathione con- 
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tent. Only in hog blood, which is a very poorly glycolyzing system 
and has a very low GSH content, was the average GSH for gly- 
colyzing bloods appreciably higher than for non-glycolyzing bloods 


(16.9 and 11.2 mg. per cent). However, there was so much over- 


lapping in the GSH content of various hog bloods that no correla- 
tion between GSH concentration and glycolysis could be estab- 
lished. Furthermore, even doubling the glutathione content by 
the addition of crystalline reduced glutathione to blood in no way 
altered its glycolytic capacity. The sugar curves with or without 
added reduced glutathione were identical. The added reduced 
glutathione rapidly disappears, so that in about 2 hours practically 
no difference between the original and the treated blood can be 
found. 

Although our study failed to establish a relationship between the 
reduced glutathione content of blood and its glycolytic activity, 
certain facts pertaining to the changes in the reduced glutathione 
concomitant with glycolysis deserve to be recorded. 


Methods 


Blood was collected as nearly aseptically as possible. When- 
ever the bloods were secured outside the laboratory, the container 
was immediately placed on ice and the blood was worked over as 
soon as it was brought to the laboratory. Except in a few in- 
stances, the blood was defibrinated by shaking gently with glass 
beads. Samples for analysis were taken immediately and again 
at definite intervals during the incubation of the blood at 38°. 
Sugar was determined on the Somogyi (11) filtrate by the Shaffer- 
Somogyi (10) procedure. We found that true sugar values are 
obtained by this combination. The reduced glutathione was 
determined on a sulfosalicylic acid filtrate by the iodate titration 
method of Okuda and Ogawa (9), the titration being carried out in 
a cooling mixture. 

In the early experiments the total glutathione was also deter- 
mined, after preliminary reduction by zinc powder. Nothing 
significant was found from these determinations, since in every 
instance where this was done the total glutathione did not change, 
and the disappearance of GSH could be accounted for by an oxida- 
tion to the GS—SG state. In later experiments only the reduced 
glutathione was determined. 
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EXPERIMENTAL 


Hog Blood—Hog blood is generally considered to be non-gly- 
colyzing but in a large series of determinations we found that only 
approximately 60 per cent of the blood samples dc not glycolyze, 
the other 40 per cent showing a variable but moderate degree of 
glycolysis. In oxalated pig blood the reduced glutathione invari- 
ably decreases during incubation, about 21 per cent in 2 to 3 
hours. The determination of total glutathione showed that there 
was an actual oxidation of the GSH to the GS—SG form. For 
reasons which are not clear, oxalating of the blood leads to a 
marked decrease in the reduced glutathione on incubation. We 
observed the same in the case of dog bloods, though not to the same 
extent as in hog blood. Of six oxalated hog bloods, in one experi- 
ment, two did not glycolyze, and showed an average decrease in 
GSH by 5.2 mg. per cent (35 per cent). In the remaining gly- 
colyzing bloods the GSH decreased only about 14 per cent. In 
other words, the GSH was oxidized to GS—SG very much less in 
glycolyzing than in non-glycolyzing bloods. The results with 
defibrinated blood, though not so marked quantitatively, were 
even more impressive. These experiments have shown that dur- 
ing 2} to 3 hours of incubation the GSH of the non-glycolyzing hog 
bloods decreased by 0.6 to 5.6 mg. per cent, but in the glycolyzing 
bloods the change in GSH was either entirely within the experi- 
mental error or the GSH actually increased in the early stages. 

Dog Blood—In a series of experiments with oxalated dog blood 
we found a definite decrease of 10 to 20 per cent in the GSH. In 
another series three samples of defibrinated blood were used, the 
rate of glycolysis and the changes in GSH being recorded graphi- 
cally in Fig. 1. In two samples the GSH increases markedly during 
the Ist hour but remains unchanged in the 3rd. Following this, 
and when about two-thirds of the sugar has already disappeared, 
the GSH curves begin to decline very markedly and at an increas- 
ing rate as the glycolysis is being completed. After 6 hours the 
GSH has decreased by one-half or more. 

Rabbit Blood—In Fig. 1 are also shown the results obtained with 
three different samples of defibrinated rabbit blood in which the 
glycolysis was completed within 5 to 6 hours. A glance at the 
GSH curves reveals a rather remarkable constancy and, even at 
the completion of the glycolysis, the GSH content in only one of 
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the bloods showed a relatively small decrease. Occasionally a 
rabbit blood showed an initial rise in the GSH during glycolysis. 
When the time of glycolysis was prolonged by adding 200 mg. per 
cent of extra glucose, it was found that even after 11 hours, while 
only about half of the sugar glycolyzed, the GSH was still practi- 
cally unchanged. 
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Fie. 1. A, glycolysis of rabbit blood; B, glycolysis of dog blood. 
Curves 1, 2, and 3 represent glucose (glycolysis curve); Curves 4, 5, and 6, 


reduced glutathione (GSH). 
Fie. 2. Glycolysis of rabbit blood on 3 consecutive days. Curves 1, 2, 
and 3 represent glucose; Curves 4, 5, and 6, GSH. 


However, if one follows the GSH curve several hours after the 
completion of glycolysis, the GSH content of the rabbit blood is 
found to decrease substantially. Thus, in four different bloods 
in which the GSH did not vary by more than 1 to 2 mg. per cent 
during the entire period of glycolysis, the GSH content decreased 
very much in 2 or 3 hours after glycolysis (5 to 13 mg. per cent, or 
17 to 33 per cent of the initial concentration). 

In this connection we wish to describe an experiment with rabbit 
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blood which presents some interesting points, the results of which 
are shown graphically in Fig. 2. Usually the glycolytic proe- 
ess follows a linear course, indicating that the reaction probably 
is confined to the surface of the cells. We came across a blood 
which showed an abnormal behavior in that the curve of glycolysis 
was not linear. The rate for the first 2 or 3 hours was unusually 
slow but increased afterwards and became linear. This blood was 
tested on 3 consecutive days, during which it was preserved in the 
ice box. The sugar concentration decreased from day to day, 
showing that glycolysis was not entirely checked by the cold. 
On the 2nd day the deviation from the linear course of the glycoly- 
sis curve was less pronounced and a glycolysis experiment performed 
on the 3rd day yielded a typical linear curve from the start. This 
blood was a decidedly slow glycolyzing agent, requiring between 
8 and 9 hours instead of the usual 5 to 6 hours for the completion 
of the process. The reduced glutathione concentration of this blood 
did not change during the 3 days while it was preserved in the ice 
box, and the GSH curves during the glycolysis experiments are 
remarkably similar, showing a definite decrease only during the 
advanced stages of the process. 

Effect of Inhibiting Respiration—To determine whether accelera- 
tion or inhibition of glycolysis affects the reduced glutathione, the 
following experiment was performed with defibrinated rabbit blood. 
The sample was divided into three portions; one (control) was 
diluted with m/8 NaCl, the second with m/8 NaF, and the third 
with m/8 NaCl containing KCN. The fluoride practically com- 
pletely suppressed the glycolysis, but the sample poisoned with 
cyanide showed a great increase in the rate of glycolysis. If 
the rate between the 6th and 12th hour of glycolysis were main- 
tained unchanged, the sugar in the control sample would disappear 
completely in 214 hours, that in the cyanide sample in 15 hours; 
in other words, the latter glycolyzed 1.5 times as fast as the former. 
The GSH curves of the control and of the cyanide bloods were 
indistinguishable from each other (Fig. 3), but in the fluoride blood 
the reduced glutathione began to decline at once, losing about 60 
per cent in 12 hours. 

In a second experiment defibrinated rabbit blood was diluted with 
an equal volume of m/8 NaCl or of m/8 NaF containing glucose. 
In this experiment the GSH curves were followed for 20 hours 
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(Fig. 4). In the whole blood, as well as in the blood diluted with 
NaCl, the GSH curves run a remarkably parallel course. The 
behavior of the GSH in the non-glycolyzing, fluoride-poisoned 
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Fic. 3. Glycolysis of rabbit blood diluted 3:1 with m/8 NaCl, control 
(Curve 1 glucose, Curve 4 GSH), with m/8 NaCl containing 1 X 10-*n KCN 
(Curve 2 glucose, Curve 5 GSH), and with m/8 NaF (Curve 3 glucose, 
Curve 6 GSH). 


blood is interesting because in this case the initial rise is missing 
and the GSH remains practically unchanged for 2 hours, then 
decreases progressively and much more rapidly than in the other 
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twosamples. At the end of 20 hours nearly 90 per cent of the GSH 
had disappeared. 

These experiments show that there is considerable residual gly- 
colytic capacity (at least 50 per cent) in rabbit blood which can be 
realized by suppressing its respiratory activity with KCN without 
affecting the changes in GSH. Suppressing glycolysis, however, 
by means of fluoride leads to an almost immediate decrease in the 
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Fic. 4. Glycolysis of whole rabbit blood (Curve 1 glucose, Curve 4 
GSH), and of blood diluted with 1:1 u/8 NaCl (Curve 2 glucose, Curve 5 
GSH) or with m/8 NaF (Curve 3 glucose, Curve 6 GSH). 


GSH, which becomes gradually more rapid until the GSH disap- 
pears practically entirely. This illustrates, therefore, once more 
that the glycolytic process is associated with oxidation-reduction 
reactions which prevent the oxidation of the GSH to the GS—SG. 

Experiments with Washed Blood Cells—The previous experiments 
indicate that although different types of blood show variations in 
detail, the level of the reduced glutathione in all of them tends to 
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be maintained or even to be raised while glycolysis is proceeding, 
but decreases with greater or less speed when glycolysis has been 
completed or suppressed. Experiments were made with dog blood 
cells washed with Tyrode’s solution both with and without glucose. 
The sugar and GSH were determined initially and at the end of 
2 to 3 hours of incubation. The results are given in Table I. 
This experiment shows strikingly that in glycolyzing cells the 
GSH is maintained for 2 or 3 hours practically unchanged, but where 
no glycolysis is taking place, the GSH decreases or disappears. 
These experiments again bring out the essential and striking 
fact that glycolysis is directly associated with maintaining the 
level of the reduced glutathione of the blood. In other words, 
during glycolysis agencies are operative which furnish the reduc- 


TaBLe I 
Glycolysis of Washed Red Blood Cells of Dog 

















Glutathione * 
Time Glycolysis 
Initial | Final | Difference 

hrs. per cent mg. per cent mg. per cent mg. per cent 

2 50 5.4 5.4 0 

2 0 5.5 0 —5.5 

2 29 20.2 20.6 +0.4 

3 50 20.2 20.2 0 

3 0 18.3 14.9 —3.4 











tion potential necessary to prevent the oxidation of GSH to 
GS—SG. 

Different mammalian bloods manifest a different behavior. 
Thus, in dog blood the GSH begins to decrease before glycolysis 
has been completed, the decrease proceeding very rapidly. Rabbit 
blood differs from this in that, generally, the GSH is maintained 
more or less constant, or certainly does not suffer any appreciable 
loss, until after the glycolytic process has run its full course. Sim- 
ilar results were obtained with glycolyzing hog bloods, while in the 
non-glycolyzing hog bloods the GSH showed a decided decrease 
during the same length of time. When the glycolysis of rabbit 
blood is suppressed by means of fluoride, the decrease in GSH com- 
mences almost immediately and progresses much further than in 
the glycolyzing control bloods. 
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Hopkins and Elliott (3) found that the behavior of the GSH is 
very different in liver tissue from well fed and from fasted animals. 
In the former, the GSH may remain constant or even rise for some 
time before a progressive fall sets in, leading ultimately to complete 
oxidation of the —SH group. In liver tissue from fasting animals, 
however, this preliminary phase is either much shortened or does 
not exist at all. Of course, in a fasting animal the liver glycogen 
is more or less rapidly exhausted and these experiments illustrate 
that the glucose content of the tissue suspension is very essential 
in furnishing the reducing agencies necessary for maintaining the 
GSH level observed during the first 2 hours of incubation. That 
this depends upon some enzymatic mechanism (glycolysis?) is 
further substantiated by the observation of these authors that 
heating the liver tissue to 50° under anaerobic conditions destroys 
its ability to keep the GSH in the reduced condition on aeration. 
In this case the GSH not only begins to disappear immediately but 
the loss is also more rapid. Oberst (8), studying the disappearance 
of GSH from human blood, reports an experiment with whole blood 
and with hemolyzed blood. At the end of 5 hours (see Table I, 
p. 11 (8)) the GSH of the whole blood has somewhat increased 
(1.7 mg. per cent) while that of the hemolyzed blood had decreased 
23 mg. per cent. The relation of the changes in GSH to glycolysis 
in this experiment is clearly obvious, since glycolysis is entirely 
lacking in hemolyzed blood, and this experiment thus substantiates 
our main thesis. 

We noted that the GSH sometimes increases during the first 2 
hours of incubation. This initial rise is much more common in 
dog than in rabbit blood, and we also observed this in human blood. 
This phenomenon had already been described by Hopkins and El- 
liott (3) in the paper referred to on the behavior of the GSH of liver 
tissue suspensions and also by Meldrum (6), who demonstrated the 
reduction of glutathione by isolated mammalian red blood cells. 
Meldrum concluded from his studies that glucose alone cannot 
reduce the disulfide glutathione, the reduction being a function of 
the intact blood corpuscles. We are further in agreement with his 
conclusion that this reduction of GS — SG to GSH is probably not 
affected by glycolysis. 

Effect of Arsenate—Since it was shown that arsenate stimulates 
glycolysis of rabbit blood (7), a series of experiments was carried 
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out to determine its effect on the reduced glutathione. In one ex- 
periment (Fig. 5) defibrinated rabbit blood was diluted (3:1) with 
Locke’s solution or with Locke’s solution containing enough Na,- 
HAs(Q, to give a final concentration of m/150 and m/300. During 
the first 4 hours there was considerable stimulation of glycolysis 
but afterwards a marked inhibition occurred. While the glyco- 
lysis of the control sample was completed in a little over 7 hours, 
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Fic. 5. Glycolysis of rabbit blood, untreated, control (Curve 1 glucose, 
Curve 4 GSH), and treated with m/150 (Curve 2 glucose, Curve 5 GSH) 
and m/300 sodium arsenate (Curve 3 glucose, Curve 6 GSH). All three 
bloods were diluted 3:1 with isotonic salt solution. 

Fic. 6. Glycolysis of rabbit blood, untreated, control (Curve 1 glucose, 
Curve 3 GSH), and treated with 0.01 m sodium arsenate (Curve 2 glucose, 
Curve 4 GSH). 























the glycolysis in m/150 NazgHAsQ, was not quite complete even after 
9 hours. 

In a previous study, Morgulis and Pinto (7) have shown that ar- 
senate, which inhibits glycolysis of dog blood even in very small 
concentration, stimulates glycolysis of rabbit blood. This was 
based on a study of glycolysis for only 2 to 4 hours. The inhibition 
does not generally manifest itself until after 3 to 4 hours, though 
it may appear even earlier with strong concentrations. As will 
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be seen from this and subsequent experiments, the effect of arsenate 
may be divided into two phases, an early phase of stimulation and a 
later phase of inhibition, the degree of each depending upon the 
arsenate concentration. The behavior of the GSH was also affected 
in a striking manner by the arsenate. Whereas in this experiment 
(Fig. 5) the GSH of the untreated blood varied only slightly during 
the first 6 hours, and dropped abruptly in the next 3 hours, in the 
arsenate bloods a marked decrease in the GSH took place after 1 
hour of glycolysis. The decrease was more or less continuous and 
was greater in the m/150 than in the m/300 arsenate. Similar 
results were obtained in other experiments with arsenate concen- 
trations ranging from m/300 to m/900. 

To avoid the factor of dilution, glycolysis experiments were also 
carried out in which the necessary amount of Na,HAsO, was dis- 
solved directly in the blood. In Fig. 6 the results of an experiment 
are plotted in which the effect of 0.01 m Na,HAsO, was studied. 
The glycolysis and the GSH curves of the control conform to what 
has been said previously. But in the arsenate blood, following a 
brief stimulation which lasted about an hour, glycolysis becomes 
progressively inhibited, so that after 9 hours only about 65 per cent 
of the sugar has disappeared. The behavior of the GSH, however, 
is markedly different, decreasing 5 mg. per cent in the 1st hour and 
7.5 mg. per cent after 4 hours. The inhibition of glycolysis at this 
point becomes very pronounced and the GSH falls rapidly. 

In Fig. 7 the results of an experiment with m/150 and m/300 
arsenate are plotted. The glycolysis in the arsenate sample is at 
first greatly increased and exceeds the control by 30 and 40 per cent, 
respectively, but after 3 hours the glycolysis becomes definitely 
inhibited. The GSH of the arsenate-treated bloods again shows an 
abrupt fall from the start, decreasing 8 and 11.5 mg. per cent in 3 
hours. The subsequent loss in GSH runs more or less parallel to that 
of the control blood. 

In Fig. 8 the results of an experiment with m/300 and m/600 arsen- 
ate are recorded. The glycolysis in the m/300 sample is greatly 
stimulated but after the 2nd hour the onset of inhibition becomes 
apparent and the rate slows down progressively, so that the com- 
pletion of the process is much delayed. The initial stimulation in 
the m/600 sample is not so great but no inhibition develops and the 
rate of glycolysis is about 55 per cent greater than in the control. 
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On comparison of the glycolysis of the m/600 arsenate sample with 
that of a previous experiment (Fig. 3) it may be stated that the rate 
of glycolysis has been stimulated to the same extent as by 0.001 
m KCN. The GSH curves of the arsenate-treated blood, though 
running parallel to the control, do not show the initial rise and show 
a continuous decrease, which is greater in the higher concentration. 
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Fic. 7. Glycolysis of rabbit blood, untreated, control (Curve 1 glucose, 
Curve 4 GSH), and treated with m/150 (Curve 2 glucose, Curve 5 GSH) 
and with m/300 sodium arsenate (Curve 3 glucose, Curve 6 GSH). 

Fie. 8. Glycolysis of rabbit blood, untreated, control (Curve 1 glucose, 
Curve 4 GSH), and treated with m/300 (Curve 2 glucose, Curve 5 GSH) 
and with m/600 sodium arsenate (Curve 3 glucose, Curve 6 GSH). 


From the results on the effect of arsenate (0.01 m to m/900) it is 
obvious that the stimulating effect upon glycolysis lasts longer the 
smaller the concentration and, depending upon the concentration, 
this is followed by a greater or less inhibition. The initial stimulat- 
ing effect on glycolysis is apparently associated with an inhibition 
of the respiratory function. The arsenate-treated bloods retain a 
definitely brighter hue than the control bloods in which the oxy- 
hemoglobin becomes partially reduced. The behavior of the GSH in 
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the arsenate experiments, however, is surprisingly affected. It 
decreases from the very start, whereas in the controls it may remain 
fairly constant (or even show an initial rise) during the entire gly- 
colytic process. The total decrease in GSH is invariably much 
greater than in the controls and, furthermore, varies with the con- 
centration of Na,HAsQ,, although the difference depends entirely 
on the loss of GSH during the first 2 hours of the experiment. 

The effect of arsenate on rabbit blood expresses itself thus: first, 
in both stimulating and inhibiting its glycolysis and, second, in a 
more or less rapid loss of reduced glutathione. The inhibitory phase 
of the arsenate effect was overlooked before (7), because our study 
was limited to a 2 to 4 hour incubation period and we did not follow 
the entire glycolysis curve, but merely determined the sugar at the 
beginning and end of an experiment. In this way, even where in- 
hibition had already taken place, the determination of a single point 
in the course of glycolysis failed to make this manifest. The effect 
of arsenate on the entire course of glycolysis manifests itself in an 
initial stimulation alternating with an inhibition which is greater 
the higher the arsenate concentration. The duration of the stim- 
ulation phase seems to be generally shorter the higher the concen- 
tration. Following the initial stimulation, the inhibition produced 
by 0.01 m or m/150 Na,HAsQ, may be very great. In our previous 
paper it was pointed out that the effect of arsenate on glycolysis of 
dog blood was entirely different, inhibition being produced even by 
very small concentrations. The results of the present experiments, 
showing that in rabbit blood an inhibition proportional to the ar- 
senate concentration likewise follows the initial stimulation and 
that the GSH shows a more or less extensive loss from the start, 
seemed therefore perplexing. The only explanation that appears 
reasonable is that arsenate exerts an inhibitory effect on glycolysis. 
Indeed, Tanzi (13) studying the glycolysis of the isolated rabbit 
heart finds that this is inhibited by 0.002 m Na,HAsQ,, and this 
fits in with our earlier finding that the glycolysis of dog blood is 
inhibited. 

But, if arsenate inhibits glycolysis, how are we to account for 
the initial stimulation observed in the case of rabbit blood? 
Tanzi (13) states that the glycolysis of the rabbit heart is stim- 
ulated by sodium arsenite. This is probably not correct. Ar- 
senite, as was shown by Szent-Gyérgyi (12), has no effect on 
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fermentation but inhibits very strongly cellular respiration, caus- 
ing 25 per cent inhibition in oxygen uptake of liver tissue even in a 
concentration of 0.00004 m. Voegtlin and his collaborators (14) 
have shown that arsenite, but not arsenate, strongly inhibits 
cellular respiration. The initial stimulation of glycolysis may, 
thus, be regarded as resulting from suppression of the respiratory 
activity, as was also found to be the case when KCN acts on rabbit 
blood. Although we used an arsenate of very high purity, the 
arsenate salts actually contain a few thousandths of 1 per cent 
of arsenite, and this would suffice to account for the initial in- 
crease in glycolysis through the suppression of respiration. 

In this event the observed stimulation of glycolysis is really 
the resultant of two opposed phenomena: the (direct) inhibition 
by arsenate and the (indirect) stimulation by arsenite, the latter 
exerting its action in much smaller concentrations than the for- 
mer. This will explain why with a low concentration of arsenate 
(m/600) the glycolysis was completed in about two-thirds of the 
time required by the control without any inhibition being mani- 
fested, while with a strong concentration (0.01 m) the stimulation 
is much less in extent and duration, and is followed by a strong 
inhibition. 

If this view is correct, the question may naturally be asked, 
how this would explain the two phase effect of the arsenate. If 
the arsenite represses the respiratory function and thus promotes 
the glycolysis (Pasteur’s reaction), then why does the stimulation 
of glycolysis give place somewhat abruptly to an inhibition? The 
arsenite, which poisons respiration but does not influence fermen- 
tation, is effective in a very much smaller concentration than 
arsenate, which inhibits glycolysis but does not affect respiration. 
In this connection the behavior of the reduced glutathione be- 
comes intelligible. We have already pointed out that, contrary 
to all our experience with glycolyzing rabbit bloods, the GSH in 
the arsenate-treated bloods invariably decreases, the decrease 
varying with the concentration. This, at first sight, paradoxical 
behavior of the GSH in the arsenate bloods is just what might be 
expected on the assumption that arsenite, invariably present as 
an impurity in the arsenate, causes indirectly an increased glycoly- 
sis by suppressing the respiration. Voegtlin and his collaborators 
(14) have shown that reduced glutathione paralyzes the action of 
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arsenite upon cellular respiration. They suggested that possibly 
an inactive compound is formed; at any rate, the inhibitory action 
of arsenite can be overcome entirely, when the molar concentra- 
tions of GSH and arsenite are in a ratio of about 10:1. It will 
be noted from the experiments presented in Figs. 5 to 8 that the 
loss of GSH, which begins immediately, attains its maximum at 
about the time when the glycolysis curves show the sharp inflec- 
tion marking the transition from the stimulatory to the inhibitory 
phase. Although the GSH of the arsenate-treated bloods is 
decreased much more than that of the control bloods at the close 
of the experiment, actually the principal loss is occasioned within 
the first few hours, after which the GSH curves of the treated and 
untreated bloods run a more or less parallel course. Obviously, 
the disappearance of the GSH has to do with the removal of the 
arsenite, this reaction requiring time. But once the arsenite effect 
has been paralyzed, the purely inhibitory effect of arsenate on 
glycolysis asserts itself more or less prominently. 


SUMMARY 


During glycolysis oxidation-reduction conditions exist in blood 
which contribute to maintain the level of the reduced glutathione 
(GSH). In the absence of glycolysis, the GSH tends to disappear 
with greater or less speed, becoming oxidized to the disulfide form 
(GS—SG). In the early phases of the process there may actually 
be a rise in the GSH, but apparently this is not directly associated 
with glycolysis. Dog and rabbit blood represent distinct types 
in this respect, in that in dog blood the GSH begins to disappear 
even before the glycolytic process has been completed and dis- 
appears very rapidly, while in rabbit blood the GSH level, with 
minor fluctuations, tends to remain practically constant during 
the entire glycolytic process, disappearing at a moderate rate only 
after the completion of glycolysis. This behavior of the GSH in 
relation to glycolysis is demonstrated also with blood cell sus- 
pensions, with or without glucose. In the former, the GSH is 
practically unchanged, whereas in the latter, where no glycolysis 
is taking place, it tends to disappear. Likewise, suppressing 
glycolysis with fluoride results in an immediate initiation of the 
loss of GSH. Stimulation of glycolysis with cyanide had no effect 
on the glutathione behavior. 














16 Glycolysis and Glutathione 


A series of experiments was made on rabbit blood treated with 
arsenate. It was found that in these experiments two sharply 
defined phases, a stimulatory and an inhibitory phase, appear in 
the glycolytic process and that the GSH during the first 2 hours 
undergoes a marked decrease, which varies with the arsenate con- 
centration. The effect of arsenate and of arsenite on the respira- 
tory and glycolytic activity of the blood is discussed, the ap- 
parently paradoxical results of the arsenate experiments being 
interpreted in the light of these different effects. 
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Bull and Neurath (1) have reported a study of the kinetics of 
surface denaturation of egg albumin. The protein solutions were 
shaken in bottles for varying lengths of time, and the amount of 
denaturation determined. It was not possible, however, in their 
studies to establish the effect of the extent and rate of formation 
of surface. The present paper reports a study of surface denatura- 
tion occurring on a drum of known dimensions dipping into a 
protein solution and rotated at known speeds. This allows one 
to establish the effect of the rate of creation of new surface and to 
calculate the amount of denatured protein on unit area of the 
rotating drum as a function of speed of rotation and of concentra- 
tion. The principal purpose of this study is thus to extend the 
work of Bull and Neurath on the kinetics of surface denaturation. 
It has been found, however, that the amount of denaturation is a 
smooth function of the speed of rotation of the drum and ap- 
proaches certain limiting values as the speed of rotation is dimin- 
ished. The amount of denatured protein in the surface film can 
thus be extrapolated to zero speed of rotation and an approxima- 
tion of the conditions and structure of the surface film on a quies- 
cent protein solution is obtained. 


EXPERIMENTAL 


Investigation was made of three preparations of egg albumin. 
The results from the first two preparations have been discarded, 


* Presented at the Fourteenth National Colloid Symposium, Minne- 
apolis, 1937. 
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18 Surface Denaturation of Egg Albumin 


since they were used in the development of technique. The egg 
albumin was prepared from fresh hen’s eggs by the method of 
Kekwick and Cannan (2) and recrystallized four times. It was 
dialyzed, then electrodialyzed, and analyzed. 

The preparation reported on in this paper had the following 
characteristics. 


IE ie acs cs «Ab een as come cng cccccces 4.61 
Specific conductivity, mhos....................455. 2.92 x 10-5 
Total protein concentration, per cent.............. 3.56 
Protein, heat-denaturable, per cent................. 93.00 


Concentration of heat-denaturable protein, percent.. 3.31 


The preparations were water-clear. The concentration of the 
protein was taken as the concentration of the heat-denaturable 
protein. 

The protein solutions were preserved by the addition of a small 
amount of an equal mixture of petroleum oil and washed toluene. 
They were stored at 2° when not in use. 

An ordinary porcelain rotator of the kind used in offices to 
dampen adhesive surfaces was employed to produce a layer of 
protein solution whose exact area and rate of formation were 
known. The rotating drum had the following dimensions, 
diameter 7.41 cm., circumference 23.4 cm., width 4.95cem. When 
the drum was placed in position on its porcelain container, and the 
standard quantity of protein solution added to the container and 
rotated, it was found that part of the two sides of the drum was 
wetted by the solution, and in order to obtain the total surface 
area wet by rotating the drum, this area had to be added to the 
area of the face of the drum. This gave a total area of wet surface 
produced by each rotation of the drum of 171.6 sq. cm. 

The drum was rotated by means of a wooden wheel pressed 
against its edge. The wooden wheel was turned by a strong motor 
with constant speed through reducing gears. The speed of rota- 
tion of the drum was checked many times and found to be constant. 
The reducing gears allowed speeds of 14.5, 26, 33.5, and 53 revolu- 
tions per minute to be used. The wooden wheel was saturated 
with water before each experiment, in order that none of the 
solution would be absorbed by it. 

The technique of the actual experiment was as follows: A small 
amount of cotton was placed in the container to remove the sur- 
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face-denaturated protein from the drum as it rotated. 35 cc. of 
the desired strength of protein solution were added. The rotator 
was set in place and the whole apparatus placed on a large balance 
sensitive to 50 mg., and weighed. The drum was rotated for the 
desired time and speed, and the container and rotator again 
placed on the balance, and enough water added to restore the water 
lost through evaporation. The solution was thoroughly stirred 
and a portion withdrawn, and its index of refraction determined 
with a Zeiss dipping refractometer. In the same water bath was 
a sample of pure water, and the index of refraction of water was 
subtracted from that of the protein solution. Sufficient time was 
allowed for the protein solution and water to come to the same 
temperature, and a number of readings of the index of refraction 
taken and averaged. In the experiments reported on in this 
paper, the time of experiment was 5 minutes for the more con- 
centrated and 10 or 15 minutes for the more dilute solutions. 
At first, it was necessary to orient ourselves; the denaturation was 
continued for 30 to 40 minutes, and aliquots of the solution 
analyzed at 10 minute intervals and returned to the container, and 
the experiment continued. 

The measurement of the index of refraction was selected as an 
easy, quick, and accurate method for the determination of protein 
concentration. No claim is made for originality in using the index 
of refraction to determine protein concentration. This method 
has been used by many others (3), and we simply adapted it to 
our purposes. Considerable preliminary work was done to deter- 
mine the accuracy and reliability of this method. It was found 
that over the range of temperatures used (23-26°) the indices 
of refraction of water and protein solution (up to 3.4 per cent) 
had the same temperature coefficient and, further, that the dif- 
ferences between the indices of refraction of water and those of 
the protein solutions were a straight line function of the protein 
concentration. This fact was established by drying to constant 
weight samples of varying dilutions of protein solution at 104° 
for 24 hours; the indices of refraction of these solutions had been 
previously determined. Ina 35 cc. sample, which was the volume 
used in the denaturation experiments, 1 unit of the dipping refrac- 
tometer corresponded to 0.0692 gm. of protein. It was possible to 
read the refractometer to 0.01 of a unit and to estimate to 0.001 
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of aunit. We could, therefore, estimate the concentration of the 
protein solution to an accuracy of 6.92 X 10-* gm. of protein by 
this technique; this was sufficient for our purposes. 

While 35 cc. of protein solution were selected as a convenient 
volume to use, through a wide range of volumes, the amount of 
denaturation is independent of the amount of solution in the con- 
tainer, as is shown by Table I. 

The presence of cotton was necessary to remove the denatured 
protein from solution; otherwise part of the denatured protein was 
taken over by the drum and, accordingly, the new surface was not 
available for denaturation, and the amount of denaturation was 
less than it should be. It was found, however, that as long 


TaBie I 
Independence of Amount of Denaturation and Volume of Solution 








Concentration Volume R.P.M. |  ~ in 
per cent ce. gm., X 108 
0.5 20 33.5 13.8 
0.5 30 33.5 12.95 
0.5 40 33.5 11.7 
0.5 45 33.5 12.2 
2.0 20 53 43.7 
2.0 30 53 56.2 
2.0 40 53 48.7 
2.0 45 53 53.5 














as a small amount of cotton was present, the denaturation reaction 
proceeded normally and the extent of denaturation was inde- 
pendent of the amount of cotton present, as is shown below. 


35 ec. of 1 per cent solution at 53 r.p.m. for 5 minutes. 


Weight of cotton Denatured protein 
gm. gm., X 108 
0.00 15.8 
0.50 21.2 
1.15 22.6 
1.56 19.9 


It was necessary for the interpretation of our calculations that 
all the denaturation observed took place at the solution-air surface 
and none at the drum-solution interface. This was demonstrated 
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to be the case by rotating a test-tube in a larger test-tube com- 
pletely filled with protein solution. The larger test-tube was 
stoppered and the smaller test-tube rotated by means of a glass 
rod through the stopper in the larger tube. There was a strip of 
thick cloth between the smaller and larger tubes to scrape off any 
denatured protein if progressive denaturation occurred. Abso- 
lutely no denaturation was observed over 30 minute periods of 
rotation. We are safe, therefore, in assuming that all denatura- 
tion obtained upon rotating the porcelain drum exposed to air is 
occurring at the air-solution surface and that our calculations of 
thickness of the protein film refer to this surface only. No doubt 
there is adsorption and possibly denaturation on the drum surface, 
but this denaturation is not progressive and the denatured product 
cannot be removed by the cotton. 

The rate of evaporation from the protein solution surface during 
rotation was greatly in excess of that observed for distilled water 
at the same speed of rotation and duration. There does not seem 
to be any simple relation between the amount of water evaporated 
and the amount of denaturation. As the surface film becomes 
thinner, owing to increasing speed of rotation or to decreasing 
protein concentration, the amount of evaporation is much larger 
for a given amount of denaturation. The quantity of water 
evaporated from a protein solution surface is much greater than 
that which could be accounted for on the basis of the difference in 
hydration of the surface-denatured and native protein. The 
weight of water evaporated from a protein surface in excess of 
that from a pure water surface varied from 22 gm. per gm. of 
denatured protein in the thicker film to 173 gm. in the thinner 
films. An experiment was conducted to determine whether there 
is a difference in rate of evaporation of a motionless protein solu- 
tion and motionless pure water for the same surface, temperature, 
and relative humidity, but the rates were identical, indicating 
that the excessive evaporation from the denaturing protein is 
probably linked with the process of denaturation. 

It seemed desirable to determine whether this large amount of 
evaporation would materially decrease the thickness of the layer 
of the solution on the wet drum as it rotated and accordingly 
increase the concentration of the protein on the drum, and in this 
way affect the experimental results. The amount of solution taken 
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along by the rotating drum was estimated by allowing a strip of 
blotting paper to run over the surface of the drum rotating at 
26 R.P.M. and measuring the volume of water necessary to restore 
the apparatus to its original weight. Based on these results, the 
amount of water taken along by the drum for a 15 minute period 
was calculated and found to be 121 cc. The amount evaporated 
by a 0.1 per cent protein solution rotating at 26 R.p.m. and for 
15 minutes is 4.32 cc., which would represent only a 3.5 per cent 
increase in the protein concentration in the layer of solution on 
the drum in excess of that in the bulk of the solution due to 
evaporation. 

It is also important that the amount of denaturation is not 
limited by the amount of natural protein in the volume of solution 
onthedrum. From the amount of water taken up by the blotting 
paper, the thickness of the layer of the solution on the drum rotat- 
ing at 26 r.p.m. has been calculated to be about 30u. 1 sq. cm. 
of the layer of a 1 per cent solution on the drum would, therefore, 
contain 3.0 X 10-' gm. of protein. Nowit was found by experiment 
that for a 0.916 per cent protein with the drum rotating at 26 
R.P.M., the amount denatured per sq. cm. was 5.9 X 10-7 gm., 
or that only about 2 per cent of the protein was denatured. 
Therefore, this is not a limiting factor. 

It has been assumed in the calculations reported in the discus- 
sion that the surface of the drum exposed per rotation is equal in 
area to that of the surface-denatured protein. If there were 
formation of bubbles or if the solution-air surface were thrown 
into waves by vibration or if there is dislodgement of the surface- 
denatured protein from the air-solution surface, these two areas 
would not be equal. A close examination of the protein solution 
surface as the drum rotated failed to disclose waves on the drum or 
formation of bubbles; everywhere on the roller the solution surface 
was completely smooth. Under these circumstances there seems 
little likelihood of surface-denatured protein being displaced from 
the surface. Surface-denatured protein is an insoluble, hydro- 
phobic material and would not of its own accord leave an air-solu- 
tion surface in favor of the soluble hydrophilic natural protein. 

Since the protein used contained 7 per cent undenaturable sub- 
stance, it was felt that these impurities might materially influence 
the state of affairs at the surface. To test this possibility, the 
following experiment was carried out. A certain volume of pro- 
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tein solution was heated on a water bath and the denatured pro- 
tein filtered off. To the clear filtrate was added an equal volume 
of the original native protein solution. This solution then con- 
tained twice the amount of impurities as did the original solution. 
35 cc. of this solution were placed in the apparatus and the drum 
rotated at 53 r.p.m. for 10 minutes and the amount of denatura- 
tion determined. A second solution was prepared by adding to 
the original, native protein solution an equal volume of pure water. 
This solution then contained the same concentration of native 
protein but only half the concentration of impurities as the first 
solution. 35 cc. of this solution were placed in the apparatus and 
the drum rotated at 53 R.p.m. for 10 minutes and the amount 
of denaturation determined. For the first solution containing a 
high concentration of impurities, 0.025 gm. of denatured protein 
resulted, and for the second, purer solution 0.023 gm. of denatured 
protein resulted; the two values are within experimental error of 
each other. This experiment indicates that the 7 per cent impu- 
rity does not materially affect the conditions at the surface. 

It is known that protein denatures at a toluene-solution inter- 
face, and accordingly it was necessary to be certain that toluene 
was not present to form a toluene-solution interface during the 
experiment. The protein solutions were always pipetted from 
below the surface of the mother solution, and extreme care was 
exercised that no toluene was taken along with the aliquot. 
After the final dilutions were made, the surface of the solution 
was always examined by reflected light to be certain that it was 
not contaminated ; the slightest trace of oil or solid impurities could 
be readily detected. 

The denaturation experiments were conducted at room tempera- 
ture, which varied between 23-26°. A measurement of the tem- 
perature coefficient of surface denaturation of egg albumin has 
been carefully made and will be reported on in the near future. 
Over this range of temperature, the temperature coefficient of 
surface denaturation is practically one and is not regarded as 
sufficient to affect the present results. 


Results 


The amount, in gm., of protein denatured per minute is plotted 
in Fig. 1 against the number of revolutions of the drum in 1 minute 
for the several protein concentrations used. Two-thirds of the 
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experiments were checked by a subsequent determination. The 
data shown in Fig. 1 are the averages of the original and check 
determinations. The average deviation between the determina- 
tions and the average of these determinations was +5.18 per cent. 








Lr] 
§ Per cent 
6 LO AND L5 
5 
: 
‘¢ 4 0.T5 
8 
“7 0.50 
Ba 
: on 
Sy 
vo 
E 0.10 
ro 
ca 0.05 
oe ——@ e 
Zz, 








10 20 30 40 50 
REVOLUTIONS PER MINUTE 

Fic. 1. The amount of denaturation per minute as a function of the 
speed of rotation. The concentration of egg albumin is represented as 


follows: © 2.0 per cent, @ 1.5 per cent, © 1.0 per cent, A 0.75 per cent 
xX 0.50 per cent, ©) 0.20 per cent, V 0.10 per cent, @ 0.05 per cent. 


The higher protein concentrations yielded a decreasing rate of 
denaturation with length of time of denaturation. All the results 
shown in Fig. 1 were obtained at the end of 5 minutes of denatura- 
tion, with the exception of those with the more dilute solutions, 
in which case the small amount of denaturation necessitated a 
longer interval. This short time reduced the error due to the 
excessive decreasing rate of denaturation to a minimum. Fig. 1 
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includes all data obtained on this protein solution with the excep- 
tion of the rate at 26 r.p.m. and 0.75 per cent concentration. This 
point was rejected because both the original and repeated values 
were widely divergent and did not agree with each other, and the 
quantity of stock protein solution on hand did not permit recheck- 
ing. It was, therefore, deemed safer to reject all results for 


this point. 
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CONCENTRATION OF PROTEIN PER CENT 


Fic. 2. The amount of denaturation per rotation as a function of the 
protein concentration for the several speeds of rotation used. The curves 
are drawn from points taken from the smooth curves in Fig. 1. 


DISCUSSION 


Figs. 2 and 3 show the amount of denatured protein produced 
per rotation of the drum plotted against speed of rotation and 
against concentration. These values, with the exception of the 
points indicated for 2.0 per cent, were calculated from the smooth 
curves of Fig. 1 and not directly from the experimental points. 

Since we know the amount of protein denatured and its specific 
volume (4), it is possible to calculate the volume of the denatured 
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protein; also, since we know the area of the rotating drum and its 
rate of rotation, we can calculate the area exposed per minute. 
This is likewise the area occupied by the denatured protein. By 
dividing this area into the volume of denatured protein, we obtain 
the thickness of the film of denatured protein. From such calcula- 
tions for the 0.1 per cent solution, we find as an average for the four 
speeds 10.6 A. units. (The gm. of denatured protein which corre- 
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Fic. 3. The amount of denaturation per rotation as a function of the 
speed of rotation for the several concentrations used. The curves are 
drawn from points taken from the smooth curves in Fig. 1. The circles 
indicate the values for the 2.0 per cent solution. 


spond to 10.0 A. thickness have been indicated in Figs. 2 and 3.) 
This thickness is independent of the speeds of rotation and is 
probably the thickness of the film on a quiescent protein solution 
of this concentration. This is about the thickness of a peptide 
chain and its side groups, and is in good agreement with that 
found by Neurath (5) for a film of egg albumin spread on a buffer 
and measured by the Langmuir balance. The thickness of 10.6 A. 
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indicates an unfolding of the peptide chain. This film is probably 
hydrophobic on its air side and hydrophilic on its water side, since 
the polar groups would be drawn into the water. This thickness 
at 0.1 per cent concentration is a very characteristic feature and 
was obtained in all the preliminary studies as well. Below 0.1 
per cent protein concentration, the calculated thickness again 
becomes dependent on the speed of rotation as is shown clearly in 
Fig. 3; apparently, there is insufficient time to form a complete 
molecular film. 

With concentrations greater than 0.1 per cent, the thickness of 
the film increases rapidly with an inflection at 0.2 per cent (Fig. 2). 
This feature also is highly characteristic and was obtained in all 
preliminary studies and led us at first to believe that this inflection 
indicated another layer of molecules which was about 25 A. in 
thickness. We now believe it is safer to assume that the mole- 
cules absorbed beneath the first 10.6 A. layer are still spherical 
and are accordingly 43 A. in diameter but form an incomplete 
layer which accounts for an apparent thickness of less than 43 A. 

The inflection in the curves at 0.2 per cent (Fig. 2) is followed 
again by a gradually increasing rate of adsorption with increasing 
concentration until another inflection is encountered at 1 per cent 
concentration. This concentration along with the 1.5 per cent 
gives a limiting value for the rate of denaturation at a given speed. 
This limiting value must correspond to a favored configuration, 
since with 1 as well as 1.5 per cent concentration and for all 
speeds used, the amount of denaturation per rotation remained 
constant. In fact, curves of denaturation per rotation against 
speed of rotation (Fig. 3) can be extrapolated to zero speeds for 
0.20, 0.50, 0.75, 1.00, and 1.50 per cent, and they all yield the 
same amount of denaturation per rotation. 

A remarkable feature about this study is the speed with which 
the denaturation proceeds. For example, at 53 r.p.m. the film was 
exposed for only 0.785 second (account is taken of the fraction of 
the drum dipping into the solution), and yet for the 1.0 and 1.5 
per cent solutions the reaction was complete. For the smaller 
concentrations down to 0.1 per cent this time is not sufficient, 
indicating that the rate of diffusion of the protein to the surface 
is important. The same situation is encountered below 0.1 per 
cent; here again the rate of diffusion is not sufficient to saturate 
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the surface. Actually, the time required for denaturation must 
be considerably less than 0.785 second, because the surface does 
not immediately become saturated with protein as the new surface 
is created, but the diffusion proceeds during the rotation and 
reaches saturation only after the drum has moved through part of 
its rotation. This short time is in marked contrast to the rather 
extended interval of 7 minutes reported for the formation of surface 
films on buffer solutions (5). 

The author regards it as dangerous to attempt at this time a 
detailed discussion of the structure and thickness of the molecular 
layer or layers adsorbed beneath the 10.6 A. layer. There are a 
few points, however, which are worth commenting on. The 
weight of protein removed from solution per rotation for 1.5 per 
cent is 10.8 X 10-°gm. If we subtract the amount in the 10.6 A 
layer, we have 8.4 X 10-° gm., which is 77.7 per cent of the total 
removed from solution. Now the cross-sectional area of spherical 
egg albumin molecules with a diameter of 43 A. and a molecular 
weight of 40,500 and a weight of 8.4 X 10-* gm. is 182.2 sq.cm.; 
close packing is assumed with no free spaces. 182.2 sq.cm. com- 
pare favorably with the actual area of the drum, which is 171.6 
sq.cm., and lend color to the idea that the molecules in the second 
layer are spherical in shape and accordingly undenatured. It 
seemed worth testing this hypothesis with a direct experiment and 
to this end the following experiment was performed. 35 cc. of a 
1.5 per cent solution of protein were placed in the apparatus and 
the drum rotated for 20 minutes at 26 r.p.m., and the amount of 
protein removed from solution was determined in the usual man- 
ner. Then the insoluble protein was removed from the apparatus 
and carefully washed a number of times with distilled water. 
After washing, it was dried at 105° for 24 hours and weighed. 
The experiment was repeated with 0.1 per cent initial protein 
concentration instead of 1.5 per cent concentration. 31.9 per 
cent of the protein removed from the 1.5 per cent solution was 
insoluble, while 93.5 per cent of that removed from the 0.1 per cent 
solution was insoluble. Evidently 68.1 per cent of the protein 
removed from a 1.5 per cent solution is soluble and undenatured. 
Thus a large fraction (88.3 per cent) of the protein of the second 
layer is undenatured, which is in accord with the suggestion that 
the molecules of the second layer are spherical in shape. 
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In connection with the above, Langmuir and Schaefer (6) have 
reported on the thickness of the film of egg albumin adsorbed from 
a 1 per cent solution of egg albumin on a surface of stearic acid, 
as determined by an optical method. They found the film to 
be 50 A. in thickness. If we assume in our experiments that the 
protein on the surface is close packed, with no free spaces, 
6.3 X 10-7 gm. of protein per sq. em. corresponds to a total thick- 
ness of the surface film of 48.8 A., which is in splendid agreement 
with the value found by Langmuir and Schaefer. 

The determinations at 2 per cent were rather erratic, but in 
general showed a tendency to form a somewhat thicker surface 
layer than that pictured above. 

No evidence is found in these experiments for a decreasing rate 
of denaturation with increasing concentration, as was found by 
Bull and Neurath (1). It seems probable that the decreasing rate 
as found by these workers was due to the higher viscosity of the 
more concentrated solutions, which resulted in less breakage of 
the surface when the more concentrated solutions were shaken. 

Finally, it seems to the author that experiments of the type out- 
lined in this paper should be of more interest to the biologist than 
studies of protein films on pure buffer solutions, since in living 
tissue we are dealing with solutions of protein and not with buffer 
solutions containing no protein. It is true that the present tech- 
nique involves an extrapolation to zero speeds, but it still appears 
to be a more realistic approach to a study of protein films in 


biology. 
SUMMARY 


1. A new technique is described for the study of the kinetics of 
surface denaturation of proteins. A drum rotating at known 
speeds dips into a solution of protein and the resulting denatura- 
tion of protein is measured. 

2. The amount of egg albumin denatured per unit area of sur- 
face has been determined as a function of rate of creation of new 
surface as well as of the concentration of the solution. It has been 
found that both greatly affect the amount of denaturation. 

3. The amount of denaturation per unit area of surface has been 
extrapolated to zero speed of rotation and yields an approximate 
picture of the conditions at the surface of a quiescent egg albumin 
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solution. At concentrations of 0.1 per cent and less, the surface 
film consists of a monomolecular layer of surface-denatured proteitt 
immediately on the surface with a thickness of about 10 A. As 
the concentration is increased above 0.1 per cent, additional pro- 
tein is adsorbed under the first 10 A. layer. This second layer of 
protein contains as a limit 3.5 times the amount of protein in the 
first layer and is probably in an undenatured state. 
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Various investigators working on the adrenal cortical hormone 
have centered their attention upon the abnormal exchange of 
water and salts across the tissue cell membrane which occurs 
after adrenalectomy. This phenomenon has led to the opinion 
that the cortical hormone is instrumental in maintaining normal 
cell permeability (1, 2). Alteration in the electrolyte content 
of erythrocytes following removal of the adrenals (2, 3) has shown 
that these cells reflect the absence of the cortical hormone. Fur- 
ther evidence of a change in blood cell permeability may be seen 
in the work of Reid (4) and of Roffo (5), who reported decreased 
fragility in the red blood cells of adrenalectomized animals. Fur- 
thermore, Blanchard (6) found that during adrenal insufficiency 
in cats, the proportion of cholesterol in the red blood cells to that 
in the plasma increased, and suggested that the normal perme- 
ability of the membrane was altered. The present paper extends 
the observations to phospholipids and total fatty acids, deter- 
mined in cells and plasma before and after adrenalectomy in cats. 


* The material of this paper is taken from the dissertation presented by 
Eleanor H. Yeakel to the Faculty of the Graduate School of Bryn Mawr 
College in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. The complete dissertation is on file in the Bryn Mawr 
College Library. 

A part of this work was done at the Biological Laboratory, Cold Spring 
Harbor, New York, with facilities made possible by a grant from Bryn Mawr 
College. 
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Procedure 


Thirteen cats were used in the experiments, all but four being 
males. Determinations of normal lipid values were made on 
blood samples taken from the normal cat in a postabsorptive 
condition. Bilateral adrenalectomy was performed in two stages 
under nembutal anesthesia (Abbott Laboratories). Following 
removal of the second gland, the animals were maintained for at 
least 5 days on cortical extract (Upjohn). During this time, 
and after injections were stopped, the blood was sampled as often 
as was considered safe for the animals; after severe insufficiency 
was evident, a terminal sample was obtained. The cats survived 
from 3 to 16 days, the average survival being 8 days. 

Blood was obtained by cardiac puncture. Heparin was used 
in preference to other anticoagulants, since it does not change 
the relative cell-plasma volume and the relative amounts of lipids 
in serum and cells (7, 8). 6 cc. of blood were drawn, and 2 cc. of 
the whole blood were pipetted into a 3:1 mixture of alcohol and 
ether, and made up to 50 cc. for cold extraction. The remaining 
4 ec. of blood were centrifuged at 2500 r.p.m. for 15 minutes, in 
graduated centrifuge tubes. The amount of cells and plasma 
was read as carefully as possible to obtain a hematocrit value, a 
procedure which gives fairly accurate results (9). The hematocrit 
reading served as a check upon the degree of hemoconcentra- 
tion present, and also permitted calculation of the lipid in the 
red blood cells. 2 cc. of the plasma were pipetted into 3: 1 alcohol- 
ether, and made up to 50 cc. The precipitate was filtered, and 
aliquots of the filtrate used for estimation of the total fatty acids 
and phospholipids, as in Boyd’s modification of Bloor’s oxida- 
tive method (10). 

From the hematocrit readings and from the values for phospho- 
lipids and total fatty acids in the whole blood and plasma, similar 
values for the red blood cells were calculated. 


Results 


Data from the experiments on six of the animals are presented 
in Table I, and are similar to the results found for the remaining 


seven cats. 
In all instances, the hematocrit value rose, following discon- 
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tinuance of hormone injections. This is in accord with similar 
data in the literature, showing that part of the fluid portion of 
the blood is lost during cortical insufficiency. It may be seen 
from Table I that the values for phospholipids and total fatty 
acids do not increase during the onset of symptoms. With the 
single exception of the final plasma phospholipid value for Cat 8, 
there is apparently a significant drop in lipids in the plasma follow- 
ing bilateral adrenalectomy. In Cat 5, in which the symptoms 
of adrenal insufficiency were slow to develop, the phospholipid 
and total fatty acid values remained high during the first 8 days 
following discontinuance of hormone fnjection. It may be seen 
also from Table I that the blood cells do not gain lipid. The 
only possible exception may be seen in the cell phospholipid 
values for Cats 8 and 9, in which increases of doubtful significance 
occur. The phospholipids and total fatty acids of whole blood 
and plasma showed, with the few exceptions noted above, a 
decrease from the norma! value, in spite of the simultaneously 
occurring hemoconcentration. 

Table I also shows the calculated values for the phospholipids 
and total fatty acids in the plasma and cells of 100 cc. of blood, 
together with the cell-plasma ratio for the lipid. An analysis 
of these figures indicates a marked increase in cell-plasma lipid 
ratio during the development of the symptoms of adrenal cortical 
insufficiency. From an average of 1.5 for phospholipids and 1.4 
for fatty acids, the ratio increases to approximately 3.2 for phos- 
pholipids (with extremes of 1.7 and 5.5) and to 2.4 for fatty acids 
(with limiting values of 1.5 and 3.1). Cat 5 may be taken as an 
example of such a rise in cell-plasma ratio; and as can be seen 
from Table I, this increase is a steady and progressive rise and 
not a terminal phenomenon. 


DISCUSSION 


It may be observed from the data recorded above that the 
plasma of adrenalectomized cats loses phospholipids and fatty 
acids. With the loss of water from the blood and the consequent 
concentration within it of certain of its elements, such as the 
proteins, it might be expected that the phospholipids, which are 
bound in part to the proteins and which do not pass through the 
kidney, would also become concentrated, and increase in amount 
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over the normal values for a given volume of blood. Baumann 
and Holly (11) reported that the lipoid phosphorus rose steadily 
in the whole blood of rabbits suffering from sublethal cortical 
deficiency. Harrop and Weinstein (12), however, found no 
consistent changes in the phospholipids of the serum of adrenal- 
ectomized dogs; in severe insufficiency the levels were sometimes 
low and sometimes normal. The data of the present paper like- 
wise fail to show the expected increase in phospholipids and total 
fatty acids. The severe bleeding to which the cats were sub- 
jected might be expected to produce, if anything, a rise in blood 
lipids (13). On the contrary, it seems apparent that some of the 
lipids are removed from the blood. 

Comparison of the distribution of lipids between cells and 
plasma shows that the ratio of cell phospholipid to plasma 
phospholipid, and also of cell total fatty acids to plasma fatty 
acids, increases over the normal value. Following reduction of 
plasma phospholipid, the presence within the red blood cells 
of an amount of lipid well in excess of that in the surrounding 
plasma may seriously affect the membrane permeability, and 
account for the abnormal salt exchanges (2, 3), decreased erythro- 
cyte fragility (4, 5), and decreased ratio of plasma sugar to cell 
sugar (14) seen after adrenalectomy. Blanchard (6) demon- 
strated a similar abnormal distribution of cholesterol between 
cells and plasma following adrenalectomy in cats, and suggested 
the possibility that this abnormal cholesterol might alter mem- 
brane permeability. 

Calculation of the loss of the phospholipids and total fatty 
acids compared to that of water shows that the fluid and fats do 
not disappear proportionally. Consequently, the phenomenon 
involves more than a mere passage across the membrane of a 
watery solution of phospholipids at the same concentration at 
which they occur in the plasma. 

The fate of the disappearing phospholipids is not clear. Their 
hydrolysis seems unlikely, since there is no evidence that the prod- 
ucts of hydrolysis—fatty acids, free or combined—accumulate 
in the blood. Their storage is not probable in the light of evidence 
presented by Verzar and Laszt (15) that after adrenalectomy in 
rats, fat transportation to, and mobilization from, depots is 
inhibited. Moreover, the large number of recent papers which 
show that ketosis from various causes is inhibited partly or wholly 
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after adrenalectomy (16) suggest that the adrenalectomized 
animal would be incapable of catabolizing the fatty acids in 
question. 

Another possibility is that the phospholipids leaving the blood 
may accumulate in the tissues. A similar shift of lipids is reported 
in the paper of Thaddea and Fasshauer (17), who showed an 
increased blood cholesterol to occur after bilateral adrenalectomy 
in cats, which fell to normal when cortical extract was injected. 
The cholesterol content of liver and voluntary muscle correspond- 
ingly fell and rose in these respective circumstances. These 
changes in lipid content of the tissues appear at first glance to be 
directly opposed to the results of Verzar and Laszt; but the latter 
investigators dealt with the ordinary storage and transfer of fats 
which they believed to include phosphorylation, while the process 
of loss of phospholipids from the blood in the absence of the 
cortical hormone may involve an entirely different mechanism. 

Sinclair (18) pointed out that certain investigators consider a 
proper balance between phospholipids and cholesterol to be im- 
portant in the water-salt balance of the body, an excess of phos- 
pholipid exerting a hydrophilic effect. Dahmlos and Solé (19), 
for example, demonstrated that intravenous injections of phos- 
pholipid emulsions in rabbits lead to hydremia. It is possible 
that the phospholipids, following adrenalectomy, are able to 
penetrate to the inside of cells of tissues such as endothelium, 
muscle, etc., or in some manner accumulate at the cell boundaries. 
If this phenomenon be accompanied by a loss of tissue cholesterol, 
as claimed by Thaddea and Fasshauer, then the ratio between 
these lipids would be altered in the direction necessary for the 
passage of water from the blood into the tissues, such as actually 
occurs after adrenalectomy. 


SUMMARY 


1. Determinations of phospholipids and total fatty acids were 
made upon the whole blood and plasma of cats before and after 
adrenalectomy. From these values, the phospholipid and total 
fatty acid content of the red blood cells was calculated. 

2. In spite of hemoconcentration revealed by hematocrit read- 


. ings, the lipids in the whole blood, plasma, and cells decreased. It 


was concluded that lipid was lost from the plasma. 
3. The distribution of phospholipids and total fatty acids 
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between cells and plasma in 100 cc. of whole blood was calculated. 
During insufficiency, the ratio of lipids between cells and plasma 


increased markedly. 
4. Theories to account for the loss of lipid from the plasma, 


and the possible effects of this lipid change upon water balance, 
were discussed. 


We are greatly indebted to Dr. Eldon M. Boyd of Queen’s 
University, Kingston, Canada, for advice in certain details of his 
method of fat determination; to Dr. F. D. W. Lukens of the 
University of Pennsylvania, and to Professor W. W. Swingle of 
Princeton University, for their advice upon the operative pro- 
cedure and care of the animals; and to Dr. George F. Cartland 
of The Upjohn Company for the generous supply of adrenal corti- 
ical hormone which was used in the experiments. 
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THE RELATION OF ALANINE TO GROWTH* 


By J. KENNETH GUNTHER? anp WILLIAM C. ROSE 
(From the Laboratory of Biochemistry, University of Illinois, Urbana) 


(Received for publication, November 26, 1937) 


Despite the fact that alanine has been recognized as a com- 
ponent of proteins for almost 60 years, no reliable information is 
to be found in the literature regarding its nutritive réle. This is 
to be accounted for by the fact that hitherto no method was avail- 
able for the preparation of diets devoid of this amino acid, but 
adequate in other respects. By the use of mixtures of highly puri- 
fied amino acids in place of proteins, such a ration may be for- 
mulated with ease. The present paper describes the growth be- 
havior of animals upon a régime of this nature. 


EXPERIMENTAL 


The composition of the amino acid mixture (Mixture XII-b) 
is shown in Table I. As will be observed, it was devoid of threon- 
ine and alanine. These were incorporated in the diets separately. 
All of the amino acids were analytically pure. In order to insure 
the complete absence of alanine, each of the ten natural acids was 
recrystallized three times after it yielded correct analytical values. 

The make-up of the diets is shown in Table II. Diet 1 con- 
tained 2 per cent of dl-alanine, while Diet 2 contained none. Both 
supplied 18 per cent of “effective” amino acids including glucos- 
amine. The vitamin B factors were furnished to each animal in 
the form of two pills daily, each containing 75 mg. of milk con- 
centrate and 50 mg. of tikitiki extract. The daily intake of nitro- 


* Aided by grants from the Rockefeller Foundation and the Graduate 
School Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted 
by J. Kenneth Gunther in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry in the Graduate School of 
the University of Illinois. 
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gen from these sources amounted to approximately 4 mg., and 

was the only nitrogen of unknown kind in the rations. | 
Two litters of young rats were employed in the growth studies. i 

The feeding trials with Litter 1 were terminated after 20 days, 


























TaBLe | | 
Composition of Amino Acid Mizture 
Mixture XII-b 
Actin : ar As wed 
gm. gm. 
= ARB Act Ail ait a a 3.00 3.00 
TCA. S.C caeEe ba eia So csces asleep eoe’ 0 0 
he RE: 1822 eo ee ie ae 8.00 16 .00* 
AOL US. Saab La bia LUBE CIM Ceole¥ ek ebaowl 9.00 18 .00* 
ST. De. cawaidusi des teewdlin od dnb duiele oo. deite 4.00 8.00* 
ERR EP A ae Pp 1.25 2.50* ) 
ea a mt Ree 8.00 8.00 
ee a, cops puse cee 2.00 2.00 
I gk A 3.90 7.80* ' 
a A AR Sa I a re 22.00 22.00 
ET edn cowcasanedhbeceetiecssccbtess 4.10 4.10 
a eA, le bak re Bie on wine anslins 1.50 3.00* 
I he ne eral aca en nl oe» ba 6.50 6.50 } 
STG Sit ialts.csscakeltedban cs + s004> oo aeh0 1.25 1.25 
IIE Caos voc cnecdetbesecs chs cee esccese 2.52 } 
monohydrochloride.................. 3.40 
lara Mais Cethh dnc ds he <deey 0 o0 xs bape ok 5.25 
. monohydrochloride................... 6.35 
acetate beta ahs 6 a Ee an on ine win cheba 7.70 
Oe IEE, oon cee p.e pee ioencsns 19 .25* } 
EE SECT elte tect ccce ts ce ceoete vexed: 2.25 2.25 
ERE Stay TURES eo ae ede 1.75 3.50* j 
Sodium bicarbonate........................... 12.86 
93.97 149 .76t 
* Racemic acids. 
t 1.594 gm. of mixture are equivalent to 1.0 gm. of ‘‘effective’’ amino 
acids. 


and with Litter 2 after 28 days. As has been pointed out fre- 
quently in the past, many of our experiments involving the use - 
of mixtures of purified amino acids have been of relatively short 
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CHART I (94) 
I ALANINE AND GROWTH (98) 
Rate 2517-19: 2 4% dl-alanine 
| Rats 2521-24: No alanine (98) 


Litter 2 














| 2517 2 (60) 








2518 ¢ (56) 
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2519 ¢ (60) 
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2521 ¢ (57) 


| | 


} |_2522 ¢ (56) 








2523 ¢ (65) 
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2524 ¢ (62) 
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Cuart I. The numbers in parentheses denote the initial and final 
weights of the rats. 














Taswe Il 
Composition of Diets* 








Diet 1 Diet 2 








| 
gm. gm. 
Amino acid Mixture XII-b | 24.7 26.3 
Threonine.......... Ms 0.7 0.7 
Glucosamine hydrochloride (d-) | 1.0 1.0 
Sodium bicarbonate 0.4 0.4 
Sucrose.......... 15.0 15.0 
Dextrin. ... | 19.2 | 19.6 
Lard... TEC TES ol “a 26.0 26 .0 
Salt mixturet..... | 40 | 4.0 
Agar..... eRe oe 2.0 2.0 
Cod liver oil. . .. 5.0 5.0 
Alanine (dl-). . 2.0 0 
100.0 | 100.0 


| 


* Each diet contained 18 per cent of ‘‘effective’’ amino acids, including 
glucosamine. The vitamin B factors were supplied in the form of two 
pills daily, each containing 75 mg. of milk concentrate and 50 mg. of tikitiki 
extract. The daily intake of nitrogen from these sources amounted to 
approximately 4 mg. 

+t Osborne and Mendel (1919). 





Taste III 


Total Changes in Body Weight and Total Food Intakes of Experimental 
Animals 





Litter No. | Rat Novand | Duration | craasein | Totalfood | Supplement 
ght | 
days gm. gm. 
1 | 24739 | 20 25 4 Alanine 
| 2474 9 20 2 | 100 “ 
| M75 | 20 28 106 “ 
| 2476 @ 20 28 93 “ 
| 2477 9 20 26 102 No alanine 
| 2478 9 os } s 97 “4 
2479 2 20 27 90 a6 a 
2480 7 20 25 pS a ee, | 
24817 | 2W 37 mii ¢ 
2 25172 | 28 34 133 Alanine 
2518 7 | 28 39 | 149 “ 
2197 | 28 38 =| 140 “ 
2521 "| 28 37 161 | No alanine 
25227 | 28 +'| 38 65 | « « 
| 25237 | 28 39 3 | “ « 
24s | 2B | 42 = Tf ¢ « 
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duration. This has been necessary because of the tremendous 
cost of the materials. At a later date prolonged experiments with 
simplified mixtures will be undertaken. 

Inasmuch as the results were quite uniform, the growth curves 
of only one litter (Litter 2) are reproduced in Chart I. In Table 
III are recorded the total changes in body weight and the total 
food intakes of the animals of both litters. During the first few 
days of the tests the rats grew quite slowly. Later, as will be seen 
from Chart I, the rates of gain increased in both groups. A 
temporary inhibition in growth occurs not infrequently following 
the transfer of animals from a stock ration to one containing mix- 
tures of amino acids. Indeed, this is observed occasionally when 
the experimental diets carry 18 per cent of whole casein in addition 
to all non-protein dietary essentials. Why this should take place 
in certain individuals and not in others is not clear. In the present 
experiments the initial lags in growth were not associated with 
the alanine content of the food. The behavior of the animals 
which received this amino acid is comparable in every respect to 
that of their litter mates which were deprived of it. The data 
demonstrate that the omission of alanine from the food is without 
influence upon growth. Evidently this amino acid, like glycine 
and serine (McCoy and Rose, 1937), but in contrast to leucine and 
isoleucine (Womack and Rose, 1936), is not an indispensable com- 
ponent of the food. 


SUMMARY 


By the use of diets devoid of proteins, but containing mixtures 
of highly purified amino acids, alanine has been shown to be a dis- 
pensable component of the food. Rats deprived of this amino acid 
increase in body weight just as rapidly as do controls receiving a 
similar ration supplemented with alanine. 
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Attempts to isolate the physiologically active principle or prin- 
ciples of the posterior lobe of the pituitary gland in the pure form 
have involved, for the most part, successive fractionations with 
various precipitants and solvents. By such procedures highly 
potent, non-crystalline preparations have been obtained contain- 
ing, on the one hand, high pressor activity with relatively little 
oxytocic activity and, on the other hand, high oxytocic activity 
with relatively little pressor activity (1, 2). However, the con- 
tinued application of these methods for further purification of the 
principles has not yielded material of greater potency nor given 
rise to crystalline preparations. An entirely new approach to the 
problem seemed, therefore, to be warranted. In the event that a 
new technique should, in itself, prove inadequate for the isolation 
of the pure active material, it was thought that the application 
of the existing fractionation methods to the product obtained 
thereby might eventually lead to isolation of the principles. In 
other words, it would be logical to assume that a radically different 
purification procedure would produce active preparations differing 
qualitatively with respect to the impurities present from those 
obtained heretofore. 

The work of Williams and his coworkers (3-6) on “fractional 
electrical transport,’’ with a multiple celled electrophoretic appa- 
ratus, strongly suggested the possibility that this method of 
approach might be useful in effecting a separation of the active 
pituitary substances from their accompanying impurities and even 


* Parke, Davis and Company Research Fellow. 
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in effecting a separation of the principles from one another on a 
scale large enough for actual preparative purposes. Since previous 
work has indicated that these principles, although complex, have 
molecules smaller than proteins, this approach appeared all the 
more attractive (7). 

In the apparatus described by Williams, direct current at high 
voltage was passed through a series of beakers connected by means 
of siphons. The material to be electrolyzed was placed in one or 
more of the beakers and the remaining cells were filled with dis- 
tilled water. In such an electrophoretic set-up, according to 
Williams (3), “A gradient of pH values is established between the 
anode cell and the cathode cell and an ampholyte tends to move 
toward the cell possessing the pH value which approximates the 
isoelectric point of the ampholyte.”’ It is clear that advantage 
may also be taken of the relative rates of migration of the sub- 
stances involved. 

It is the purpose of this paper to present the procedure which we 
have developed for the application of electrophoresis to the pitui- 
tary problem and to describe the apparatus which we have used for 
this work. The electrophoretic behavior of the pressor and oxy- 
tocic activities in a long train set-up will also be described, since 
the results obtained are very encouraging with respect to the 
utilization of the technique in the purification of these principles 
on a preparative scale. Further work along these lines is now in 


EXPERIMENTAL 


In the electrophoresis of his materials, Williams found that rela- 
tively high voltages and dilute solutions were necessary for obtain- 
ing satisfactory fractionation in reasonable periods of time. In 
our application of Williams’ procedure to pituitary preparations, 
high voltages were also found necessary. Preliminary attempts to 
carry out the electrophoresis at 220 volts resulted in only negligible 
movement of activity out of the starting cell in periods as long 
as 80 hours. With this condition established, an exploratory high 
voltage experiment was carried out with the facilities kindly 
placed at our disposal by Dr. F. E. Allison of the Bureau of 
Chemistry and Soils, United States Department of Agriculture. 
The crude active powders which were utilized were prepared from 
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posterior pituitary glands by extractions and fractionation pro- 
cedures similar to those described by Kamm ef al. (1). 10 mg. of 
active material in the form of a powder containing 8 pressor and 
8 oxytocic units per mg. were dissolved in 20 cc. of distilled water 
and placed in the center cell of a five cell set-up similar to the 
seven cell train shown in Fig. 1. Each of the remaining cells con- 
tained 20 ce. of distilled water. The siphons connecting the cells 
were filled by gentle suction on the manifold shown in Fig. 1, 
and the carbon electrodes were connected to the high potential 
source. After 70 hours of electrolysis at 1000 volts, the cell con- 
tents were removed and assays were made for both pressor and 
oxytocic activity. Pressor assays were carried out on cats under 
deep amytal anesthesia, and oxytocic assays were based on the 
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Fic. 1. Small capacity electrophoretic set-up. Seven 50 cc. beakers 












































depressor effect of the oxytocic principle on the blood pressure of 
the hen under urethane, as used in previous studies reported from 
this laboratory (8). The distribution of the activities in this ex- 
periment is shown in Table I. 

As can be seen from the data, the pressor activity left the 
center cell completely and accumulated in the cathode cell. Oxy- 
tocic activity, however, was found in both the cathode and the 
center cells, indicating that its movement during the electro- 
phoresis was less complete and suggesting the probability of a 
slower rate of migration for the oxytocic principle. Within the 
error of the assay, both activities were quantitatively recovered, 
showing that no inactivation or destruction had taken place. 
A definite pH gradient was established between the cathode and 
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anode cells. The ratio of activity to solids present in Cells 1 and 3 
indicated that considerable fractionation of the starting material 
had been accomplished. 

This experiment demonstrated that the two principles migrated 
toward the cathode, as was to be expected from data in the litera- 
ture (9, 10). Furthermore, the increase in potency of the mate- 
rial collected from the cathode cell strengthened the belief that 
the procedure would serve as an effective purification method. 
Other experiments in which samples were removed from the 
cathode cell at intervals during the electrophoresis gave additional 
indications that the two principles differed in their speeds of 
migration, the pressor traveling more rapidly than the oxytocic. 


Tase | 
Distribution of Activities in Preliminary Experiment 











Before electrophoresis After electrophoresis 
Cell No. - oat — ee 

memo | Orie | saan | Promor | Orie | sotde | x 

mg. mg. 
1 (Cathode) 0 0 0 100 60 2.8 8.2 
2 0 0 0 0 0 6.1 
3 80 80 10 0 20 5.0 4.7 
4 0 0 0 0 0 3.3 
5 (Anode) 0 0 0 0 2.6 


























The construction of an apparatus to apply the procedure to 
large scale work seemed, therefore, to be warranted. It was also 
felt that in order to take full advantage of the different migration 
rates of the two principles, a longer path for migration was 
desirable. The accomplishment of these two objectives meant 
increasing the capacity of the electrophoretic train and devising 
a source of higher potential. 

The electrophoretic set-up of increased capacity with 400 ce. 
beakers, which we have used in the larger scale work, is shown 
in Fig. 2. 

For the source of current a high potential unit capable of supply- 
ing a variable, direct current potential up to 15,000 volts was 
designed and constructed in cooperation with the electrical engi- 
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Fic. 2. Large capacity electrophoretic apparatus. The siphons are of 
25 mm. Pyrex tubing and extend to within 2 to 3 mm. of the bottoms of 
the beakers. Each set of siphons has been provided with a connecting 
manifold, so that all of the siphons may be filled and emptied simultane- 
ously. Suitably perforated caps of rubber sheeting may be used to cover 
the cells, thereby minimizing evaporation and eliminating dust contamina- 
tion. The electrodes consist of cylindrical sticks of pure carbon, 6 mm. 
in diameter. The cabinet has been divided into two compartments by 
means of a shelf. The lower half houses the electrical apparatus and the 
instrument panel, while the upper half serves as a platform for placing 
and connecting the electrophoretic set-ups. Except for the glass window 
covering the upper half of the front, the cabinet, including the hinged 
top, is enclosed by means of a wire grill which is kept grounded. A safety 
device, consisting of a switch under the hinged top, which automatically 
opens the high voltage transformer primary when the top is lifted, is 
included to prevent accidental injury to the operator. As the apparatus 
is arranged, the high voltage outlets are not accessible unless the top of 
the cabinet is lifted, whereupon the circuit is broken. 


neering department of the University.'. The circuit employed for 
developing the required voltage from a 110 volt alternating eur- 
rent source is given in Fig. 3. Full wave rectification of the alter- 

‘We are indebted to Professor Norman Bruce Ames and Professor 
Alfred Ennis, Department of Electrical Engineering, George Washington 


University, for constructing the electrical apparatus and for aiding with 
valuable advice on numerous occasions. 
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nating current was accomplished through the use of two General 
Electric FP-85 kenotron tubes, which, with the use of suitable 
condensers, wired as shown in Fig. 3, afforded a voltage-doubling 
system. Variation of the output voltage was effected by means 
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Fic. 3. Diagram of electrical circuit. A, Weston model No. 600 micro- 
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ammeter; B, 10 volt filament transformers; C, General Electrie pyranol ‘ 
} 7500 volt, 1.0 microfarad capacitors; Z, current-limiting resistor; F, fuses; 
{ G, ground to cabinet grill; J, jacks; A, General Electric FP-85 kenotron 
i tubes; P, pilot lamp; R, variac voltage adjustment; S, 16.7 ohm ammeter ‘ 
\ shunt for milli-ampere range; SS, shunt-opening switch; 7, 5000 volt, ' 
i 0.025 ampere plate transformer; V, Weston model No. 301 voltmeter; 1 
PS, plate switch; FS, filament switch; 7’P, telephone plug; H, porcelain 
\ insulators. ‘ 
. 

, . . . ‘ C 
\ of the variac resistance shown, which permits accurate adjustment : 
f of the voltage between zero and maximum practically independent 
i of the loading. Four separate, high voltage circuits were provided ' 


so that four electrophoretic set-ups could be run simultaneously. ' 
The current through each of these circuits was measured by 











Ctrcesite Qo 








du Vigneaud, Irving, Dyer, and Sealock 51 


means of the system of jacks and the ammeter plug shown in 
Fig. 3. The circuits are normally closed through the jacks, but 
the insertion of the ammeter plug connects the ammeter without 
opening the circuit. 

As already stated, the preliminary experiments had given en- 
couraging results from the standpoint of purification and had 
indicated that the two principles possessed some degree of differ- 
ence in their rates of migration. It was decided, therefore, to 
carry out an experiment with an exceptionally long series of 
beakers, so that the relative migration rates of the principles 
could be more clearly brought out and thus a better understanding 



































Tas_e II 
Units of Activity in Starting Cell, Cathode Cell, and Total Cells in Nineteen 
Cell Experiment 
- “STE Jifalsle{slejs|wls|a 
Pressor 
Cathode cell (No. 1)....... o| 0 133 350! 665/1470|1610!1785|1205| 945 
oe € © FF)... 08 3990/3200' 3020) 2160/1750) 525; 56) 48) 28 
Total (19 cells)............. 4847 4519 5103 4606 4400 5024 3530 25522391 1580 
Oxytocic 
Cathode cell (No. 1)....... | 0 0) 53! 123| 238 385| 735| 875| 805 
a Re 2380)| 2490) 2010) 1663) 1660/1260 420; 35 11 
Total (19 cells)............. 2512'3217 3030 |3054 2872 2860 2143 1411 1185 847 


























of the general behavior of the two principles might be obtained. 
Furthermore, in such a long train the effect of diffusion on the 
observed movement of the activities would be minimized. In this 
way it was hoped that the question of differential migration could 
be definitely settled. 

Nineteen 400 cc. beakers were connected in series by means of 
eighteen siphons. 300 mg. of a preparation? containing 5610 units 
of pressor and 3090 units of oxytocic material dissolved in 350 ce. 
of distilled water were placed in Cell 17, the pH of the solution 

*V'e wish to express our appreciation to Dr. Oliver Kamm of Parke, 


Davis and Company, for so generously supplying us with the frozen glands 
from which we prepared our material. 














24 HOURS 48 HOURS 


PRESSOR ACTIVITY 








OXYTOCIC ACTIVITY 


72 HOURS 96 HOURS 





120 HOURS 144 HOURS 





© 35 UNITS 
BB 350 units 
Fic. 4. Nineteen cell experiment. The pressor and oxytocic activity present in est 
cell at the end of each day of electrophoresis is shown graphically. The number 
squares represent the nineteen cells of the electrophoretic train. The active materi 
was placed in Cell 17 at the start of the experiment. Cell 1 is the cathode cell. Tw 
values shown for Cells 5 to 9 and for Cells 10 to 15 for the 4th, 5th, and 6th days were 
tained by assaying combined aliquots from each of these cells and dividing the told 
by the number of cells included in the combination. 
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being 4.0. (The cells have been designated numerically, the 
cathode cell being Cell 1.) The remaining cells were filled with 
350 cc. of distilled water, and the siphons were filled by suction 
on the manifold. Electrophoresis at 14,000 volts was continued 
for 17 days, the contents of each cell being assayed daily for the 
first few days and at frequent intervals thereafter, for both pressor 
and oxytocie activity. The results are given in Fig. 4 and in 
Table II. 

The results of the nineteen cell experiment strikingly demon- 
strate a differential migration of the pressor and oxytocic prin- 
ciples in the preparation used. At the end of 24 hours of electro- 
phoresis, pressor activity was found to have moved as far as Cell 9, 
while the oxytocic activity had only progressed as far as Cell 13. 
At the end of the 2nd day, this difference was even more marked, 
pressor activity having reached Cell 2, while the slower moving 
oxytocic activity had migrated only as far as Cell 9. After 72 
hours, pressor activity had already begun to accumulate in the 
cathode cell, but no oxytocic activity could be detected in any cell 
nearer the cathode than Cell 5. Assays made after the 4th day 
showed that at this time oxytocic activity had finally reached 
Cell 1, and that the pressor activity present was practically 3 times 
that of the previous day. After the 5th and 6th days both activi- 
ties were accumulating rapidly in Cell 1 at relatively constant 
rates. After 96 hours, when oxytocic activity was first found in 
Cell 1, the pressor to oxytocic ratio in that cell was 7:1; after 
120 hours this ratio was 5:1; and at 144 hours, 6:1, indicating that 
the pressor principle was accumulating in the cathode cell at an 
average rate 6 times that of the oxytocic principle. 

During the first 6 days of electrophoresis a regular decrease of 
both the pressor and oxytocic activities in the starting cell paral- 
leled the movement and accumulation of the principles in the 
cathode cell. The cells between the starting and cathode cells 
contained small, but relatively constant, amounts of activity. 
Totals of the assay values for all cells on each of the 6 days showed 
that recovery of the starting activity was complete for both prin- 
ciples, so that preferential destruction of the oxytocic activity 
could not account for its slower accumulation in the cathode cell. 
This fact is seen on examining Table II where the pressor and 
oxytocic assay values for the cathode cell, the starting cell, and 
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the totals for all cells are given for the entire 17 days of electro- 
phoresis. 

Further examination of Table II, however, reveals that after 
6 days the total pressor and oxytocic activity in all cells suffered 
a decided decrease which continued for the remainder of the experi- 
ment. Analysis of the data from this and similar ex»eriments 
indicates that this destruction of activity takes place in both the 
cathode cell and in the starting cell, in the cathode cell perhaps 
as the result of the alkalinity (pH 9.0) or as the result of some elec- 
trode reaction, and in the starting cell as a result of the growth of 
molds. No preservative could be added without danger of affect- 
ing the animal assays. While this obvious destruction or inactiva- 
tion makes it impossible to draw any further conclusions regarding 
the relative rates of migration of the two principles after the 6th 
day of electrophoresis, the results of the first 6 days are neverthe- 
less truly representative of this behavior, since in that period no 
inactivation or destruction of either activity took place. Even 
though destruction was taking place after the 6th day, electro- 
phoresis was continued for the sake of gaining information con- 
cerning the rate of this destruction and of determining where the 
destruction was taking place. 

For routine work, the fact that activity is destroyed after the 
6th day under the above conditions is of little importance, since 
in routine work prolonged periods of electrophoresis are unneces- 
sary. We have found that a seven cell series of 400 cc. beakers 
and an electrophoretic period of 60 to 70 hours are very effective 
for obtaining purification of the principles. Furthermore, steps 
can be taken to prevent undue destruction of activity in the 
cathode cell. The inactivating effect of long exposure to alkali 
in the cathode cell can be avoided by replacing the solution at 
intervals with distilled water. Likewise, electrode reactions can 
be eliminated by isolating the electrode at the cathode end in a 
separate compartment, as suggested by Williams (6) and Das, 
Ghosh, and Guha (9). 

Numerous other experiments in which electrophoretic trains of 
various lengths and in which varying concentrations of active 
material have been used amply confirm the results and conclusions 
obtained in the nineteen cell experiment which has been described. 
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SUMMARY 


The apparatus and the procedure which have been used in 
studying the electrophoresis of posterior pituitary preparations 
have been described. 

The results reported demonstrate conclusively that in the 
pituitary preparations used the pressor and oxytocic activities 
possess different electrophoretic migration rates. 

Since the activities migrate at different rates, it is obvious that 
they are physiological manifestations of different chemical entities 
present in the preparations electrolyzed. 

The results indicate that the rate of migration of the pressor 
principle towards the cathode cell under the experimental condi- 
tions described is approximately 6 times that of the oxytocic 
principle. 

Under the conditions described, neither pressor nor oxytocic 
activity is destroyed during electrophore 3 in periods up to 6 days. 
After 6 days loss of both activities occurs. Possible factors con- 
tributing to this loss have been suggested. 

Extension of these findings to routine purification of these 
principles in a preparative way has been indicated. 
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VITAMIN A AND TUMOR MITOCHONDRIA 
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Recently one of the authors (1) showed the effect of a carcino- 
genic compound, 1, 2, 5, 6-dibenzanthracene, on the vitamin A 
and total lipid of hepatic mitochondria. The results demonstrated 
the vitamin A-depleting action of the hydrocarbon on these 
cytoplasmic structures. A natural inference would be that ad- 
ministration of the vitamin might help in combating this. The 
possibility proved unlikely, for parenteral injections of large 
amounts did not alter the results produced by dibenzanthracene. 
It was apparent that the mitochondria under the experimental 
conditions observed were not able to store vitamin A even though 
abundantly supplied. It was, therefore, determined to test the 
ability of malignant tumors to take up and utilize vitamin A in 
their mitochondria and compare this with the storage capacity of 
the hepatic structures in the tumor animal. Because of previous 
results (1) it was thought to be of interest to study the total lipid 
of hepatic and tumor mitochondria as contrasted with that of 
normal liver. 


EXPERIMENTAL 


The Flexner-Jobling rat carcinoma and the R-39 rat sarcoma 
were chosen for analysis. The procedure involved transplanta- 
tion of the tumors into a number of animals. At various inter- 
vals and depending on the size of the tumors these were removed 
as well as the livers. The method of separation and analysis of 
mitochondria was carried out as described before (1). A series 
of rats of the same strain and age was used for control. These 
were used to secure the normal values which obtain in the livers 
of non-tumorous animals. All were fed a diet of Purina Dog 
Chow which proved adequate for maintenance of health and al- 
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lowed regular gain in weight under normal conditions. It was an 
excellent source of vitamin A, as shown later on by the liver 
content. 


RESULTS 


The tumor cell mitochondria of both Flexner-Jobling rat car- 
cinoma and R-39 sarcoma showed no vitamin A. This was so in 
spite of the fact that the hepatic mitochondria of both types of 
tumor animals had an abundant store of the vitamin, being in 
fact of the same order as that found in the corresponding struc- 


Taste | 
Vitamin A and Total Lipid of Tumor and Hepatic Mitochondria 





Minimum and maximum values observed 
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omg: tumor | ‘100 me. liver | Tete lipid | Total ini 

ee ae —— mitochondria | mitochondria 

units units per cent per cent 
Flexner-Jobling rat 

carcinoma........... 0 1008-6400 | 25.1-33.6 | 23.5-34.1 

Mean of 25 rats....... 0 2823 30.1 29.1 
R-39 rat sarcoma..... .| 0 1073-2867 | 28.6-32.0 10.2-19.6 
Mean of 25 rats...... | 0 1859 31.2 16.6 
| atl 1059-6772 | 24.0-32.8 
Mean of 25 rats....... | 2133 28.3 








* These values were determined as in previous work (1) by comparison 
with a biologically standardized halibut liver oil containing 32,000 v.s.P. 
units of vitamin A per gm. 


tures of normal animals. The weights of the tumors varied from 
2.0 gm. to as large as 22.4 gm. Table I gives the minimum and 
maximum results with an average of each series of animals. The 
sarcoma rats showed a lower average value for vitamin A in the 
hepatic mitochondria, but the average as well as each individual 
result was not below the minimum normal. 

The total lipid of hepatic mitochondria of the tumor and con- 
trol rats was the same. The total lipid of sarcoma mitochondria, 
although large, was less than in carcinoma, probably owing to the 
difference in tissue origin. However, in spite of a fairly large 
total lipid in all tumors the vitamin was absent in every instance. 
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This confirms the previous work (1) where it was found that a high 
lipid value for mitochondria does not necessarily result in a large 
vitamin A content. It seems that simple solution of the fat- 
soluble vitamin in the mitochondrial lipids will not explain the 
observed facts. These results and others (2, 3) point rather to a 
chemical combination of the vitamin with some other constituent. 
Moreover, this process does not seem to take place in the tumor 
mitochondria even with an abundant supply present in the host. 
It is interesting to note.at this point that Ronsse (4) and Dittmar 
(5) who studied the effect of vitamin A on tumor growth came to 
the conclusion that it had no inhibiting action. Lustig and Wach- 
tel (6) thought its use had an inhibiting effect on certain neoplasms. 
This was obtainable only at the risk of hypervitaminosis. Sure, 
Buchanan, and Thatcher (7) with similar massive doses were not 
able to demonstrate regression or inhibition. Our results with 
the two types of tumor used served to show that merely increasing 
the available vitamin A intake can have little effect on the growth 
processes of the tumor cell. 


SUMMARY 


1. Vitamin A was found to be absent in tumor cell mitochondria 
even in the presence of an abundant supply in the liver. 

2. The vitamin A content and the total lipid of hepatic mito- 
chondria in the tumor animals were normal. 

3. The total lipid of tumor mitochondria showed some varia- 
tion. In the case of sarcoma it was less than in carcinoma. 
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THE RED PIGMENT OF THE ROOT OF THE BEET 
(BETA VULGARIS)* 


I. THE PREPARATION OF BETANIN 


By GEORGE W. PUCHER, LAWRENCE C. CURTIS, ano 
HUBERT BRADFORD VICKERY 


(From the Departments of Biochemistry and of Genetics of the Connecticut 
Agricultural Experiment Station, New Haven) 


(Received for publication, November 24, 1937) 


Betanin, the conspicuous red pigment of the root of the beet, 
was first isolated in 1918 by Schudel (1) and has been recently 
studied by Ainley and Robinson (2). It has been classified as an 
anthocyanin, related to the pigments of the petals of many flower- 
ing plants, but differs from typical anthocyanins in that it contains 
nitrogen. The pigment is a somewhat unstable substance and 
great difficulty has been experienced in preparing pure specimens; 
the yields reported are small. 

Because of the possible significance of this pigment in the study 
of the genetics of the beet, and also because the intensity of colora- 
tion of the root is of importance in determining the value and use 
of this crop, a study of betanin is being made at this Station. No 
information with respect to the light absorption of the pigment 
was available in the literature but, if preparations of reproducible 
physical properties could be secured, it seemed probable that a 
simple colorimetric method to determine the quantity in the tissue 
might be developed, of sufficient accuracy to have significance for 
genetic and agricultural studies. The present communication 
describes a procedure for the preparation of samples of pigment 
that have a constant extinction coefficient. The method is based 
on the observation that a precipitate that contains most of the 
pigment separates when an acid alcohol extract of the dried root 
tissue is neutralized with lithium hydroxide. The concentrate so 


*A brief report of this investigation was given at the meeting of the 
American Chemical Society at Rochester, New York, September 10, 1937. 
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obtained, after dehydration, contains approximately 16 per cent 
of pigment. Purification is effected by precipitation with lead 
acetate and subsequent separation in indistinctly crystalline form 
from acidified aqueous solution, or by precipitation from alcohol 
solution with peroxide-free ether. 


EXPERIMENTAL 


Preparation of Pigment Concentrate—Fresh beet-roots are grated; 
the pulp is dried in a thin layer at 80° in a ventilated oven, and is 
ground in a meat grinder to a coarse powder. This is treated, in 
lots of 500 gm., three or four times successively with 1 liter of boil- 
ing 95 per cent alcohol, being filtered each time. Yellow pigments 
and other troublesome contaminants are thereby removed. The 
residue is dried and ground in a ball mill to a fine powder. 100 gm. 
of the powder are suspended in 150 ml. of 95 per cent ethy! alcohol 
and 15 ml. of a 20 per cent solution of hydrogen chloride in ethyl 
alcohol (20 gm. in 100 ml.) are added. After the mixture has been 
stirred for 20 minutes at room temperature, 350 ml. more of alcohol 
are added and stirring is continued for 30 minutes. The solution, 
which contains most of the red pigment, is then drawn off with 
suction through a tube to the end of which a small Buchner funnel 
covered with filter cloth is attached. A second extraction with 
150 ml. of alcohol, 10 ml. of aleoholic hydrogen chloride, and, later, 
300 ml. of alcohol is carried out in the same manner, and two more 
extractions with, respectively, 150, 5, and 350 ml. of reagents. 
The combined extracts are filtered and neutralized to moistened 
Congo red paper with 9 per cent aqueous solution of lithium 
hydroxide added dropwise with continuous mechanical stirring. 
The precipitate is allowed to settle, and the supernatant alcohol 
is siphoned off. The insoluble material is washed several times 
by decantation with 95 per cent alcohol and is then suspended in 
acetone and filtered. The product is dried at 60—70° in the venti- 
lated oven and is finally pulverized and preserved in closed con- 
tainers. The yield is ordinarily between 5 and 8 gm., depending 
upon the variety of beets used. 

Lead Acetate Precipitation—5 gm. of the concentrate are dis- 
solved in 300 ml. of water and filtered, and 30 per cent lead acetate 
solution is slowly added until a centrifuged test sample shows no 
additional precipitation (40 to 45 ml. are usually required). The 
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ipitate is centrifuged and washed three times in the centrifuge 
tube with 100 ml. of water, and is then suspended in acetone and 
filtered, suction being continued until a moist coherent cake is 
secured. It should not be allowed to dry. The product is trans- 
ferred to a small beaker and thoroughly triturated into a thin paste 
with 20 ml. of anhydrous methyl alcohol that contains 4 per cent 
of hydrogen chloride. The paste is transferred with the aid of a 
little methyl alcohol to a centrifuge tube and centrifuged. The 
precipitate of lead chloride is disintegrated and washed twice 
with 20 ml. of acid methyl alcohol and once with 10 ml. of anhy- 
drous methyl alcohol. The clear combined extracts are then 
treated with 5 to 6 volumes of ether previously freed from peroxide 
(3) and the mixture is chilled for several hours. The precipitate 
is filtered off, washed with purified ether, and dried over sulfuric 
acid in a vacuum desiccator; yield, 0.5 to 0.7 gm. 

Crystallization—The preceding steps can be carried out success- 
fully on a much larger scale than is described without grave losses 
of pigment, but the final crystallization from water is wasteful. 
500 mg. of the purified pigment are suspended in 4.5 ml. of water 
and triturated with a thermometer until the particles are com- 
pletely disintegrated. The beaker is then heated in a water bath 
at 80° until the temperature of its contents reaches 70°; 0.5 ml. 
of 0.1 n hydrochloric acid is added, and stirring is continued until 
the temperature reaches 75-76°. The solution is rapidly filtered 
through a thin pad of asbestos in a small hot water funnel, and 
the residue is washed with 1 to 2 ml. of hot water. The clear 
filtrate is chilled for 6 hours, and the product is filtered off and 
washed successively with a little ice water, with absolute alcohol, 
and with purified ether. It is then dried in vacuo over sulfuric 
acid overnight, pulverized in an agate mortar, and dried to con- 
stant weight over phosphorus pentoxide at room temperature; 
yield, 0.2 to 0.3 gm. 

Another excellent method to purify the material further is to 
repeat the precipitation from methyl] alcohol solution with ether. 
The solution must be centrifuged perfectly clear; the recovery in 
this case is about 75 per cent. 

Discussion of Procedure—Ethy] alcohol is for several reasons 
more satisfactory than methyl alcohol in the early stages of the 
preparation, but methyl alcohol is to be preferred in the later 
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stages. The relative quantities of acid recommended must be 
adhered to in order that the dilution from the addition of aqueous 
lithium hydroxide shall not be excessive; otherwise serious losses 
may be encountered. Lithium hydroxide is employed because of 
the solubility of lithium chloride in alcohol; the concentrate con- 
tains little or no inorganic halide when prepared as described, but 
is grossly contaminated if sodium hydroxide is used. The lead 
acetate precipitate becomes colloidal if washed with alcohol, and 
excessive washing with acetone must be avoided for the same 
reason. The decomposition of the lead precipitate with acid 
methyl alcohol is effective only if the solid is very carefully tritu- 
rated. The use of ether freed from peroxide is essential if oxida- 
tion and partial destruction of the pigment are to be avoided. 
The product derived from the decomposition of the lead precipitate 
contains from 5 to 10 per cent of impurities which are mainly 
inorganic, and the final separation from hot water is necessary only 
if preparations for analysis are required. 

The order of magnitude of the losses involved in the procedure 
may be appreciated from the following average figures. 1 kilo of 
fresh beet-root yielded 155 gm. of dry tissue and 119 gm. of alcohol- 
extracted dry residue. Acid ethyl alcohol dissolved 25.4 gm. of 
this, and 8.24 gm. of pigment concentrate were secured on neutrali- 
zation. This contained 1.31 gm. of pigment, as calculated from 
the extinction coefficient, and 28 per cent of ash, much of which 
consisted of water-soluble phosphates. After lead acetate puri- 
fication, the preparation weighed 1.08 gm. and contained about 
5 per cent of ash. The final purification from water gave 0.5 gm. 
or about 40 per cent of the pigment in the crude concentrate. 
The yield from sixteen preparations was 6 to 6.8 gm. of pigment 
purified by the lead acetate procedure per kilo of dry tissue, and 3 
to 4 gm. after final purification. Schudel reported a yield of 
1.3 gm. from 1 kilo of dry beet-root, and Ainley and Robinson 
0.3 gm. from 56 kilos of fresh root (approximately 4 kilos of dry 
tissue). Their methods of preparation are, however, entirely dif- 
ferent from ours. 

Properties of Pigment—The finely ground purified product is 
nearly black with a pronounced green luster and closely resembles 
such a dye as crystal violet in appearance. The streak is purplish 
red. Under the microscope, the masses show many light-reflect- 
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ing surfaces and the preparation may be regarded as indistinctly 
crystalline. The substance is hygroscopic and must be carefully 
protected against moisture. 

The aqueous solution is purplish red and, at a concentration of 
0.005 mg. per ml. at pH 5.2, has an extinction coefficient of 0.398 
when measured in a 1 cm. cell with a Zeiss spectrophotometer with 
Filter S-53. This extinction coefficient was not increased by 
attempts at further purification. The conditions under which 
this measurement is made are fully described in Paper II of this 
series (4). 

Chromatographic analysis on tricalcium phosphate revealed no 
inhomogeneity, and, after elution with acid alcohol and precipita- 
tion with ether, the extinction coefficient was unchanged. 

On being dried in vacuo over phosphorus pentoxide at 100°, 
the product lost the equivalent of slightly more than 3 molecules 
of water. It retained a little chlorine, some of which appeared 
to be lead chloride. 

An aqueous solution becomes slightly more red when sodium 
carbonate is added, and slightly bluer when acidified. The color 
is immediately discharged to a yellow by sodium hydroxide, more 
slowly toa brown by ammonia. The solution in cold dilute hydro- 
chloric acid changes but little on standing but, on being heated, 
soon becomes blue-violet. With lead acetate, the color becomes 
more yellow and a red precipitate separates, leaving the solution 
still yellowish red. The pigment cannot be recovered unchanged 
from this precipitate. If a soluble phosphate is also present, 
however, the addition of lead acetate removes nearly all of the 
pigment on the precipitate, leaving the supernatant fluid pale 
pink, and the pigment can be regained from the precipitate appar- 
ently unchanged when this is treated with hydrochloric acid. It 
is upon this behavior that the success of the method of purification 
of the crude concentrate prebably depends. The aqueous solu- 
tion of the pigment gives no distinctive test with ferric chloride, 
the color changing to yellow-brown. The color is also destroyed 
by permanganate, and the pigment can be quite accurately titrated 
to a colorless end-point with this reagent, 8 atoms of oxygen being 
required for 2 nitrogen atoms in the pigment. 

Sugar Determination—50 mg. samples of purified pigment, dried 
at room temperature over phosphorus pentoxide, were heated in 
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a boiling water bath with 7 ml. of 2 n sulfuric acid for 1, 3, and 
5 hours respectively. The hydrolysates were neutralized with 
barium hydroxide, 5 ml. of 0.2 N oxalic acid were added, and the 
solutions were made to 200 ml. Analyses for sugar (5) after 
treatment with Lloyd’s reagent gave respectively 29.1, 28.5, and 
26 per cent calculated as glucose, the whole of which could be 
removed in the usual way with a suspension of yeast and is there- 
fore probably glucose. Corrected for 11.5 per cent of water and 
2.1 per cent of ash, the highest of these values is equivalent to 
33.7 per cent of glucose in the product. The Lloyd’s reagent 
removes a small amount of decomposition products that reduce 
the sugar reagent but which are not removed by yeast. 

The values found for sugar are low, the formula deduced from 
the elementary analysis requiring approximately 38 per cent. 
The progressive loss during hydrolysis was accompanied by gradual 
destruction of the color of the pigment, this being entirely replaced 
by orange at the end of 5 hours of hydrolysis. 

Additional evidence that the sugar is probably glucose was 
obtained by the isolation of phenylglucosazone. To this end, 1.0 
gm. of pigment was heated for 4 hours with 70 ml. of 4 N sulfuric 
acid at 100°; the reagent was removed with barium hydroxide and 
decomposition products were precipitated by the addition of 2 
volumes of alcohol. After concentration to small volume and 
adjustment of the reaction with sodium acetate and acetic acid, 
excess of phenylhydrazine was added and the solution was heated 
to 100° for 1 hour. The precipitate was removed, washed, and 
recrystallized from hot aqueous alcohol; m.p. 204-206° (uncor- 
rected). Mixed with an equal amount of authentic phenyl- 
glucosazone, m.p. 206° (uncorrected); yield, 0.164 gm. 

Composition of Pigment—Microanalyses of the purest specimen 
of the pigment obtained are given in Table I.' The samples, pre- 
viously dried at room temperature, when dried at 100° over phos- 
phorus pentoxide, lost 11.57, 11.33, and 11.58 per cent of moisture 
in three analyses. The inorganic residue was 1.71 and 2.12 per 
cent in two cases and a macroanalysis gave 2.50 per cent; the 
average of these figures is 2.11 per cent. The low chlorine content 
recalls the experience of Ainley and Robinson who state that the 


1 We are indebted to Professor H. T. Clarke and Mr. Saschek for these 
determinations. 
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hydrochloric acid in the preparation of beet pigment they studied 
may be in part replaced by water. This circumstance, together 
with the occurrence of lead chloride in the ash of our preparations, 
introduces some difficulty into the interpretation of the analysis. 
It is improbable that the value assigned to the ash has great sig- 
nificance because of the volatility of lead chloride. However, if 
it be assumed that the whole of the ash consisted of lead chloride, 
a value for the organic chlorine can be calculated, and this, to- 
gether with the corrected values for the other elements, is given in 
Column 2. The ratio between carbon and nitrogen atoms is 
either 20:2 or 21:2. The choice of the latter ratio is necessary if 
the product is to be formulated as a glucoside of a nucleus with 15 


Tase I 
Composition of Beet Pigment 


The samples were dried over phosphorus pentoxide at 100°. The values 
are given in per cent. 














| Corrected for Calculated for 
Found ash — —— 
CaHaNzOwCl CaHaN:Ow~.-OH| CuHaN:Ow 

(1) (2) (3) (4) (5) 
Cc 52.18 53.31 50.55 52.48 54.53 
H 4.77 4.87 4.65 5.04 4.58 
N 5.93 6.06 5.62 5.83 6.06 
Cl 1.54 1.02 7.10 0.0 0.0 
0 34.74 32.08 36 .65 34.61 
Ash 2.11 




















carbon atoms. The ratio of nitrogen to oxygen atoms is 1:5. 
If it be assumed that the nitrogen value is accurate, the hydrated 
pigment contains 5.32 per cent of nitrogen, and the ratio between 
nitrogen atoms and water molecules is 2:3.36. The analysis 
conforms fairly closely with the theoretical requirements of a sub- 
stance of the formula C2;H»;N2OwCl-3H,0 which, in the course of 
isolation, has had a considerable part of its chlorine replaced by 
water and this product has in turn been partially dehydrated. 
This formula corresponds to a glycoside of a nitrogenous antho- 
cyanidin, CysHy3N205Cl - CgHyo05 -3H,0. If it be assumed that 
four hydroxyl and two amino groups are present, the requirements 
of the structural formula are met. 
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It must be pointed out, however, that the classification of this 
pigment as a nitrogenous anthocyanidin derivative is still specu- 
lative. Typical anthocyanins on acid hydrolysis yield insoluble 
and relatively stable, intensely colored anthocyanidins, and phloro- 
glucinol is invariably found among the products of alkali decom- 
position. The beet pigment, on the other hand, is extensively 
decomposed by acid hydrolysis. Phloroglucinol was not detected 
among the products of alkali decomposition either by Schudel, by 
Ainley and Robinson, or in this laboratory. 

No success has as yet attended our efforts to establish the nature 
of the nitrogen in the beet pigment. The compound is instantly 
decolorized by the nitrous acid reagent in the Van Slyke apparatus 
at room temperature, and gas equivalent to approximately 18 per 
cent of the nitrogen present is liberated under the usual conditions. 
A similar value is obtained both before and after mild acid 
hydrolysis. It is not certain, however, that the gas is derived from | 
amino groups; Stuart (6) has reported that phenolic substances | 
yield gas in the Van Slyke apparatus, an observation that has been 
confirmed in this laboratory. Phloroglucinol, for example, be- 
haves as if it contained about 8 per cent of amino nitrogen. Ac- 
cordingly, no definite conclusion can be drawn from this test of the 
beet pigment save that the nitrogen is probably not primary ali- — | 
phatic amino nitrogen. Neither the products of hot alkali decom- 
position nor of severe acid hydrolysis gave a ninhydrin reaction; 
an aliphatic a-amino acid configuration is therefore absent. 

When subjected to the action of nitrous acid at 0°, the beet 
pigment is not decolorized and gives no indication of the evolution 
of gas. Furthermore, there is no evidence of utilization of nitrous 
acid. This might be expected to occur through diazotization of 
aromatic amino groups, if such were present; the failure to observe 
it may indicate a high degree of inactivity, possibly due to the 
structure of the compound. In any case, whatever the form of 
nitrogen may be, the groups are extraordinarily weakly basic; 
the compound, even though separated from an acid solvent, re- 
tains much less than the theoretical quantity of chlorine required 
by the oxonium group alone. 

The nitrogen of the pigment is only incompletely oxidized to 
ammonia by the Kjeldahl method; values of 90 to 95 per cent of 
the nitrogen indicated by the micro-Dumas method were secured. 
If the nitrogen atoms are present as amino groups, this behavior 
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would not be anticipated, and a hint is provided that part of the 
nitrogen may occur in a ring structure. 

The Betanidin of Ainley and Robinson—The pigment isolated by 
Ainley and Robinson was prepared from beet tissue that had been 
suspended in water and allowed to undergo spontaneous fermenta- 
tion. The subsequent steps involved extraction with isoamyl 
alcohol, the pigment being thrown out of solution in this solvent 
by petroleum ether and collected in concentrated solution in water. 
Purification was effected with solvents, the solid being finally 
isolated from dilute hydrochloric acid. Their product contained 
considerable chlorine, although less than that required by theory 
for 1 equivalent of hydrochloric acid. 


Taste II 
Analysis of Beet Pigment 
Carbon, hydrogen, nitrogen, and glucose were recalculated on a chlorine-, 
water-, and ash-free basis; chlorine and ash were calculated on material 
dried at 100°. The values are given in per cent. 














| This paper -—‘| Ainley and Robinson | Schudel 
— | | 
Cc 54.2 | 56.6 | (55.2 
H 4.95 | 5.41 4.97 
N 6.16 6.68 8.57 
Glucose 33.7 | | 28.4 
OCH; 0.0 | 8.95 
Cl 1.54 | 5.0 0.78, 6.93 
Ash 2.11 3.0 











The preparation was regarded as an anthocyanidin chloride 
produced by enzymatic hydrolysis of the original anthocyanin 
during the first step of the preparation. The analysis corre- 
sponded with the formula C2oHj9-2;07;N:C1-3H,0 in which about 
30 per cent of the hydrogen chloride had been replaced by water, 
and they advanced the suggestion that the constitution of the 
substance may be represented as a pentahydroxyflavylium nucleus 
condensed with ornithine by means of one of the basic groups of 
this substance. Such a structure is in agreement with the analyti- 
cal findings and many of the chemical properties. No observa- 
tion with respect to the presence of sugar was recorded, although 
Price and Robinson (7) mention that a pigment obtained from 
beet tissue by an alumina absorption method was a glycoside. 

Because of the difference in chlorine content, it is difficult to 
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compare their product with the one we have obtained. Table II, 
however, shows their data recalculated on a basis free from chlo- 
rine, compared with ours, likewise recalculated. The figures 
given by Schudel are also included. 

Ainley and Robinson’s data indicate a carbon to nitrogen atomic 
ratio of 20:2, but are in closer agreement with a compound that 
contains 8 oxygen atoms than with one that contains 7. The 
general properties of their product correspond in almost every 
detail with those we have observed with the exception that our 
product is a glycoside. 

Interpretation of the analytical results of Schudel is difficult, 
probably in part because carbon and hydrogen were determined 
on a sample of low chlorine content, the nitrogen on one that 
contained nearly the theoretical amount, of chlorine for 1 atom. 
Furthermore, he did not report the ash content, and it seems pos- 
sible that his high chlorine specimen may have been impure, 
because it evidently yielded an appreciable quantity of meth- 
oxyl; the nitrogen value also appears to be high. His product 
was, like ours, definitely a glycoside. 


SUMMARY 


The preparation of the red pigment of the roct of the beet in 
a form that is substantially pure and homogeneous is described. 
The method is simple and expeditious and the product has a con- 
stant extinction coefficient. It is a glucoside of a nitrogenous 
nucleus that probably contains 15 carbon atoms and appears to be 
related to the anthocyanidins. The form of combination of the 
nitrogen atoms is not known, but there is probably no aliphatic 
amino group. The evidence for an aromatic amino group is 
inconclusive; the presence of ring nitrogen is possible. 
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II. A METHOD TO DETERMINE BETANIN 
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HUBERT BRADFORD VICKERY 


(From the Departments of Biochemistry and of Genetics of the Connecticut 
Agricultural Experiment Station, New Haven) 


(Received for publication, November 24, 1937) 


The intensity of the red pigmentation of the root of the beet 
has an important relationship to the commercial value and use of 
this crop both in the market gardening and canning industries. 
No simple method has hitherto been suggested, however, by which 
the intensity of the color can be expressed in quantitative terms. 
A method whereby the actual pigment concentration could be 
ascertained with reasonable accuracy would have immediate 
application to the study of the genetic and environmental factors 
that influence the color in this species. 

The isolation of this pigment in substantially pure form, de- 
scribed in Paper I of this series (1), placed in our hands a repro- 
ducible material the physical properties of which can be employed 
for analytical purposes. Although subsequent investigation may 
reveal methods whereby a more highly purified preparation can 
be secured, its physical constants will be related in a definite man- 
ner with those of our present preparations, and suitable correction 
factors can be computed and applied. 

Light Absorption of Betanin—A stock solution of the purified 
pigment (1) is prepared by transferring 10 mg. of the finely pow- 
dered dry material, accurately but rapidly weighed, to a small 
mortar in which it is thoroughly ground with 8 to 10 drops of 
water; 10 ml. of succinic acid-borate buffer of pH 5.2 are added; the 
solid is triturated, and the clear solution decanted. Undissolved 


*A brief report of this investigation was given at the meeting of the 
American Chemical Society at Rochester, New York, September 10, 1937. 
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particles are similarly treated with successive small quantities of 
buffer solution until complete solution is secured. The solution is 
then made to 100 ml. with water; it is stable for at least 1 hour. 
Dilutions of from 1:10 to 1:50 made with the buffer solution are 
suitable for spectrophotometric measurements, but a dilution of 
1:20 is taken as an arbitrary standard. This represents a con- 
centration of 0.005 mg. per ml. 

An approximate light transmission curve was obtained by obser- 
vation of the standard solution with the color filters of a Zeiss 
spectrophotometer. Table I shows that maximum absorption is 
obtained at the effective wave-length 530 mu, and the No. 8-53 filter 
was accordingly chosen for subsequent measurements. It is not 
ideal and can be employed with ease only with fairly dilute solu- 


Taste I 
Light Transmission of Betanin 
Concentration, 0.005 mg. per ml.; pH 5.2; 1 em. cell. 








Filter No. Effective wave-length Transmission 

mye per cent 

8-61 617 100 

8-57 572 64.7 

8-53 530 40.7 

8-50 494 58 .6 

S-47 463 80.6 

S-43 435 90.0 











tions. Satisfactory reproducibility is, however, obtained with 
concentrations between 0.001 and 0.01 mg. per ml. 

Stability of Betanin—The stability of the standard solution with 
respect to reaction and time was studied by means of observations 
on solutions obtained by dilution of 1 ml. of the stock solution to 
20 ml. with appropriate buffer solutions. The extinction coeff- 
cient obtained immediately at pH 5.2 was taken as standard, and 
the observations in Table II are expressed as percentages of this 
value. It is clear that at a reaction in the neighborhood of pH 5 
the pigment is stable for a period that permits useful results to be 
obtained. 

Extinction Coefficient—The validity of a colorimetric method 
depends upon the precision with which Beer’s dilution law is fol- 
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lowed. Table III shows data on the extinction coefficients of 
solutions of the beet pigment of different concentrations. The 
agreement between the ratios of the concentration and of the ex- 
tinction coefficients is sufficiently close to insure that Beer’s law 
is applicable within the concentration range studied. 

The value for the extinction coefficient of the arbitrary standard 
solution of concentration 0.005 mg. per ml. rests upon thirty deter- 


Tasie II 
Stability of Color of Betanin at Various Reactions 


Filter, 8-53; concentration, 0.005 mg. per ml.; 1 cm. cell. The data are 
expressed as per cent of the extinction coefficient at pH 5 and 0 time. 




















pH 0 hr. 1.7 hrs. 3.3 hrs. 7.3 hrs. 
1.0 85.7 45.2 39.6 30.0 
3.0 96.7 88.5 78.1 68 .6 
4.0 98.7 94.0 91.0 81.9 
5.0 100.0 96.7 94.0 90.8 
6.0 100.3 96.7 93.0 80.3 
7.0 98.1 77.2 73.2 59.5 





Taste III 
Relationship between Concentration and Extinction Coefficient of Betanin 
Filter S-53; solutions at pH 5.2. 








meninges | conten | “acicr | atciemomm [etinctsstetio 
mg. per mil. cm. K 
0.010 0.5 0.807 2.0 2.03 
0.0067 0.5 0.533 1.37 1.34 
0.005 1.0 0.398 1.00 1.00 
0.004 1.0 0.314 0.80 0.786 
0.002 2.0 0.158 0.40 0.395 
0.001 3.0 0.079 0.20 0.198 

















minations made upon two of the purest specimens obtained and 
on a mixture of these. The mean value was 0.3974 and the 
standard error 0.0010. Because somewhat greater weight may 
properly be attached to the higher values, the value 0.398 was 
provisionally adopted for use in the quantitative determination of 
the pigment. Should later work indicate a somewhat higher value 
for more completely purified pigment, a correction of the data in 
this paper can easily be applied. The mean value of sixteen dif- 
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ferent preparations, some of which were known to be less pure 
than others, was 0.389 + 0.003; individual values ranged from 
0.366 to 0.408. 

Determination of Betanin in Beet-Root Tissue—The method of 
determination developed from the foregoing data can be applied to 
the tissue from a single root or to larger samples. The weighed 
sample is carefully grated to a pulp which is spread in a thin layer 
on a pan and dried in a ventilated oven at 80°. The dry product 
is weighed, roughly ground in a mortar, and is then ground in a 
ball mill' until reduced to a fine powder. It is usually impossible 
to remove the sample quantitatively from the mill, but the rela- 
tionship between the analysis of the ground product and the origi- 


Tasie IV 
Betanin Content of Beet-Root Tissue 
The data are expressed as per cent of dry weight. 














Variety Method Betanin 

Detroit dark red (dark | Water extract 1.19 
strain) 1.20 

| 2 preliminary cold alcohol extractions | 1.14 

1.18 

2 ” hot - " 1.16 

1.14 

Improved blood turnip Water extract 0.34 
Crosby’s Egyptian ™ = 0.15 
Good-for-all - og 0.47 
Sutton’s pineapple ” “s 0.46 








nal moist or dry tissue is easily calculated. Difficulties encoun- 
tered with grinding are usually traceable to incomplete drying. 

A sample of 0.050 or 0.100 gm. of the powdered tissue is weighed 
into a 200 X 25 mm. test-tube graduated at 50 ml. The sample is 
moistened with a few drops of water, triturated with a rod, and 
20 ml. of succinic acid-borate buffer of pH 5.2 are added. The solu- 
tion is diluted to the mark with water; the tube is stoppered and 
is shaken vigorously for a few minutes and centrifuged. The clear 
extract is decanted through a plug of glass wool in a dry funnel. 
The percentage transmission of the filtrate is read at the Zeiss 
spectrophotometer with Filter S-53 within half an hour, and the 


1 A suitable mill is described by Pucher and Vickery (2). 
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extinction coefficient K is calculated. The relation (K/0.398) x 
0.005 gives the number of mg. of betanin in 1 ml. of the extract. 
If the concentration of the extract is greater than 0.01 mg. per ml., 
an appropriate dilution of the extract is made with buffer solution 
as diluent, and the transmission is again observed. 

Water extracts of the dried root tissue are usually satisfactory. 
Occasionally, however, a turbidity is encountered that cannot be 
centrifuged. In this case, a preliminary extraction of the sample 
with two 5 ml. quantities of absolute alcohol is made. The tubes 
are heated in a water bath at 70-80° for 5 minutes, cooled, and 
centrifuged. The alcohol extracts are discarded and the analysis 
is continued on the moist residue. Table IV gives data that 
illustrate the effect of preliminary alcohol extractions of the dry 
tissue, and the reproducibility of duplicate determinations in 
which exceptionally highly pigmented tissue was employed. 
Typical values for a few other varieties of beets are also shown. 
It is clear that the preliminary extractions with alcohol which 
remove yellow pigments have little effect upon the values for 
betanin obtained with the color filter recommended. 

Color differences in beets have been attributed to differences 
in genetic constitution (3), but environmental factors may also 
play a part in determining how the genetic factors are expressed. 
The present method is to be employed in studies of these points. 


SUMMARY 


A simple method to determine the red pigment content of beet- 
root tissue is described. The light transmission of a water extract 
of the dry tissue is determined with color Filter 8-53 of a Zeiss 
spectrophotometer. The concentration in terms of the purified 
isolated pigment, which has an extinction coefficient of 0.398 at a 
concentration of 0.00 mg. per ml., is then calculated. The 
method can be applied to the study of the genetic and environ- 
mental factors that influence the quantities of pigment in different 
varieties and inbred lines of beets. 
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THE REDUCTION OF AMINOSORBITOL HYDROCHLO- 
RIDE WITH HYDRIODIC ACID 


By P. A. LEVENE ann CLARENCE C. CHRISTMAN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, December 6, 1937) 


Inasmuch as attempts at the reduction of glucosaminic acid to 
optically active norleucine have met with great difficulties, it was 
decided to select a different approach to the solution of the prob- 
lem of the configuration of glucosamine; namely, the conversion 
of glucosamine into 2-aminopentahydroxyhexane! (2-aminosorbi- 
tol) in the hope that by reduction with hydriodic acid the hy- 
droxyamine would be converted into 2-aminohexane. Thus a 
direct answer to the configuration of d-glucosamine would be 
furnished, since the configuration of 2-aminohexane has been cor- 
related by Levene and Mardashew? to that of 2-aminocaproic 
acid. The work has not yet been completed but the results so 
far obtained are reported here in view of the activities of other 
laboratories on the question of the configuration of d-glucosamine. 

The product so far obtained by reduction with aqueous hy- 
driodic acid has the composition of 2-aminohexene oxide; on 
acetylation it forms a monoacetyl derivative which no longer 
possesses a free amino group but on deacetylation the amino group 
becomes free again. This acetylated substance possesses no 
ethylenic linkage and is not a double molecule formed by union of 
2 monohydroxyaminohexane molecules, since a molecular weight 
of 166 was obtained by the Rast method. The composition of 
of the substance, therefore, is CsH,;0N - HCl. 

Further reduction of this substance is now in progress. Also, 
other methods of arriving at the configuration of the 2-amino- 
pentahydroxyhexane are now in progress. 

* Levene, P. A., and Christman, C. C., J. Biol. Chem., 120, 575 (1937). 

* Levene, P. A., and Mardashew, S., J. Biol. Chem., 117, 707 (1937). 
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78 Reduction of Aminosorbitol 


It may be mentioned that reduction of the hexaacetate of 
2-aminopentahydroxyhexane with hydriodic acid in glacial 
acetic acid resulted in a 2-aminomonohydroxyhexane directly and 
its acetate by acetylation of the substance from the mother 
liquor. Unfortunately the yield was so small that the experiment 
could not be repeated with sufficiently consistent success to war- 
rant further experimentation. 


EXPERIMENTAL 


Treatment of Aminosorbitol Hydrochloride with Hydriodic Acid— 
A solution of 5 gm. of aminosorbitol hydrochloride’ in 60 cc. of 
hydriodic acid (sp. gr. = 1.70) was heated in a sealed tube dur- 
ing 5 hours at a temperature of 125°. The furnace and tube were 
allowed to cool for 18 hours, after which the tube was opened 
and the contents diluted with water to 180 cc. 

The solution, containing much free iodine, was evaporated 
under diminished pressure to about 75 cc. and then diluted to 


~ 1000 ce. with water. The major portion of the free iodine and 


hydriodic acid was removed by adding lead carbonate and then 
filtering off the lead salts. (In this and in all the following opera- 
tions the precipitates were shaken with water and then filtered, 
the filtrates being combined with the original filtrate.) The 
remainder of the iodine and hydriodic acid was removed with 
silver carbonate in the presence of free sulfuric acid. After 
removal of all the silver and lead ions with hydrogen sulfide, the 
solution was made alkaline and steam-distilled into dilute hydro- 
chloric acid. The distillation was continued until the distillates 
were no longer alkaline to red litmus paper. The acid solution 
of the distillate was evaporated under diminished pressure to a 
sirup, which was dried by repeated addition and concentration 
of benzene and absolute ethyl alcohol. The dried sirup was dis- 
solved in absolute ethanol, filtered from the ammonium chloride, 
and an equal volume of ether added to the filtrate. More ammo- 
nium chloride separated out after standing in the refrigerator 
overnight and this was also filtered off. The sirup obtained by 
concentration of this filtrate was used in the next experiment. 
Preparation of Crystalline Chloroplatinate from Reaction Product 
Obtained by Treatment of Aminosorbitol Hydrochloride with Hydri- 
odic Acid—The dried sirup from the previous experiment was 
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dissolved in a small volume of absolute ethanol and an excess of 
chloroplatinic acid added. Ammonium chloroplatinate, if present, 
was removed by filtration and the filtrate concentrated to half 
its volume in a vacuum desiccator. 

In this way a crop of crystals was obtained which were re- 
erystallized by dissolving in warm absolute ethanol, filtering, and 
then allowing the filtrate to evaporate spontaneously in a desic- 
eator. The average yield obtained in several experiments was 
about 1.5 gm. (from 5 gm. of aminosorbitol hydrochloride). 

This chloroplatinate had a composition which agreed fairly 
well with that calculated for the chloroplatinate of an amino- 
hexene oxide. However, the analytical data varied with different 
preparations (indicating the presence of other material). By 
repeated careful recrystallization a product was obtained which 
had the following composition. 


4.780 mg. substance: 3.902 mg. CO, and 1.895 mg. H,O 
Cy2.H2s0.N2PtCle. Calculated. C 22.48, H 4.5 
Found. “* 22.26, “* 4.4 


Preparation of 2-Aminoherene Oxide Hydrochloride—9 gm. of 
the once recrystallized chloroplatinate (from the previous experi- 
ment) were dissolved in 100 cc. of warm water. Hydrogen 
sulfide was passed into the solution for 3 hours and the mixture 
allowed to stand overnight in the presence of hydrogen sulfide. 
The platinum sulfide was removed by filtration and well washed 
with warm water. The combined filtrates were concentrated to 
25 cc., treated with charcoal, and then filtered. 

This filtrate was concentrated to a dry crystalline mass which 
was dried further by frequent addition and evaporation of benzene 
and absolute alcohol. The product was obtained in the pure 
state by recrystallizing from a small volume of absolute ethanol. 
Yield 2.0 gm. All the mother liquors were concentrated to dry- 
ness. Yield 1.4 gm. 

The pure substance had a melting point of 217-218° and a spe- 


cific rotation of [a]? = ae —5.9° (in absolute 





2 X 2.54 
ethanol). It is soluble in alcohol and water but practically insol- 
uble in ether, acetone, chloroform, and pentane. 
The compound had a composition agreeing with that of 2- 
aminohexene oxide hydrochloride. 
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3.981 mg. substance: 6.914 mg. CO, and 3.330 mg. H,O 


6.078 “ 4 : 0.498 ec. N, (748 mm. at 28°) 
7.478 ** “6 : 4.90 ec. 0.01 w AgNO; 
CsHyON-HCl. Calculated. C 47.49, H 9.3, N 9.20, Cl 23.08 
Found. “* 47.36, “* 9.36, “© 9.14, “* 23.26 


Attempted Catalytic Hydrogenation of 2-Aminohexene Oxide 
Hydrochloride—200 mg. of crystalline 2-aminohexene oxide hydro- 
chloride dissolved in 30 cc. of absolute ethanol were shaken with 
Adams’ catalyst and hydrogen for several hours. The catalyst 
was removed by filtration and the filtrate concentrated to about 
4 cc. Unchanged starting material was isolated from this solu- 
tion by the addition of ether, as indicated by the melting point 
(217-218°) and analysis, thus indicating the presence of an oxy- 
gen ring and the absence of any double bonds. 

Acetylation of 2-Aminohexene Oxide Hydrochloride—Pure 2- 
aminohexene oxide hydrochloride (0.6 gm.) was refluxed for 2 
hours with 10 cc. of acetic anhydride and 1 gm. of freshly fused 
sodium acetate. The mixture was allowed to stand overnight at 
room temperature and then concentrated to dryness under re- 
duced pressure. All traces of acetic anhydride and acetic acid 
were removed by repeated concentrations with the addition of 
small volumes of benzene. 

The crystalline mass was now treated with 15 cc. of chloroform 
and filtered. The filtrate was dried with sodium sulfate and 
concentrated to a dry mass of crystals. The product was re- 
crystallized by dissolving in an acetone-ether mixture and then 
adding a small volume of pentane. Yield 0.55 gm. The sub- 
stance was pure after three such recrystallizations and had a 
melting point of 142-143°. It had the following specific rotation. 
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+0.29° X 100 


aa = +4.1° (in absolute ethanol) 


lalp = 

The substance showed no perceptible rotation in chloroform 
solution. It is soluble in acetone, ether, chloroform, water, and 
benzene but is practically insoluble in pentane. 

The material had a composition agreeing with that of an N- 
acetylaminohexene oxide. It contained no free amino nitrogen 
and a Rast molecular weight determination gave a value of 166, 
which is in accord with the calculated value of 157. 
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4.504 mg. substance: 10.310 mg. CO, and 3.897 mg. H,O 


5.904 “ * : 0.455 ec. N, (759 mm. at 25°) 
5.402 “ 2a : 3.371 “ 0.01 ~ Na,S,0,* 
CsHyO,N. Calculated. C 61.14, H 9.6, N 8.9, COCH, 27.39 
Found. “42-94 - Oy, OR Sa 


Action of Hydrogen Iodide in Glacial Acetic Acid on Amino- 
sorbitol Hydrochloride—Two sealed tubes, each containing 5 gm. 
of aminosorbitol hydrochloride, 0.5 gm. of phosphonium iodide, 
and 40 cc. of a solution composed of equal parts by weight of 
dry hydrogen iodide and dry glacial acetic acid, were heated at 
125° for 5 hours. The materials were united and the product iso- 
lated in the same way as in the previous experiment with hydri- 
odie acid. 

The dried, steam-distilled sirup was treated with chloroplatinic 
acid but only about 0.2 gm. of crystalline chloroplatinate was 
obtained. 

Action of Hydrogen Iodide in Glacial Acetic Acid on 2-Amino- 
sorbitol Hexaacetate-—To 6 gm. of pure 2-aminosorbitol hexa- 
acetate were added 25 cc. of a solution composed of equal parts 
by weight of dry hydrogen iodide and glacial acetic acid, and the 
mixture sealed in a bomb tube. After heating at 125° during 4 
hours and then cooling in the furnace for 12 hours, the tube was 
opened and the contents diluted with 150 cc. of water. 

Sulfur dioxide was passed into the solution until all the free 
iodine had been consumed. The excess sulfur dioxide was re- 
moved by aspirating with air and the sulfuric acid was removed 
quantitatively by the addition of barium hydroxide solution. 
This solution was then concentrated to dryness under diminished 
pressure at 40°, and the residue was dissolved in 100 ec. of methyl 
aleohol and reduced with hydrogen and Raney’s catalyst. 

When the reduction was complete, the catalyst was removed 
by filtration and the methyl alcohol solution steam-distilled in 
alkaline solution until the final distillate was no longer alkaline 
to red litmus. The distillate was collected in a solution of hydro- 
chloric acid in order to prevent the loss of the volatile free base. 


* This substance has the acetyl group bound so firmly to the nitrogen 
that the time of digestion in the acetyl determination had to be increased 
(from 3) to 6 hours. This is the first compound which Dr. Elek has found 
to require more than 3 hours for completion of the deacetylation. 
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The acid distillates were then concentrated to dryness under re- 
duced pressure at 40° and a small amount of crystalline material 
was obtained by dissolving the partially crystalline residue in 
acetone and then adding ether. Yield 0.05 gm. This was re- 
crystallized twice from acetone and then melted at 86-—88°. 

The substance had the following composition. 


4.299 mg. substance: 7.302 mg. CO, and 3.995 mg. H,O; 2% ash 

5.120 “ 7 : 0.394 ec. N, (760 mm. at 27°) 
C,H“ON-HCIl. Calculated. C 46.9, H 10.45, N 9.12 
Found (ash-free). ‘ 47.1, “‘ 10.5, “ 8.92 


The acetone-ether mother liquors were combined and evapo- 
rated to dryness. The dry sirup was refluxed for 1 hour with a 
mixture of anhydrous sodium acetate and acetic anhydride, and 
then kept at room temperature for 1 day. This mixture was now 
concentrated to dryness and the product extracted with chloro- 
form. The chloroform extract was washed with three small 
portions of water and then dried with anhydrous sodium sulfate, 

The product partly crystallized after the removal of the chloro- 
form and was completely crystallized from ether and pentane. 
Yield 0.25 gm. After one more recrystallization from ether and 
pentane the substance melted at 77-78° and had the following 
specific rotation. 


+1.62° x 100 


ra = +39.7° (in chloroform) 


lalp = 


This material had the following composition. 


4.416 mg. substance: 9.590 mg. CO, and 3.790 mg. H,O 
6.420 “ " : 6.36 cc. 0.01 n Na,S,0; 
CyHywO;N. Calculated. C 59.9, H 9.5, COCH, 42.8 
Found. *“@O2°O4, ©“ @S 
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THE REDUCTION OF GLUCOSAMINIC ACID WITH 
HYDROGEN IODIDE IN GLACIAL ACETIC ACID 


By P. A. LEVENE anp CLARENCE C. CHRISTMAN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, December 6, 1937) 


Although the configuration of glucosamine formulated by one 
of the present authors (P.A.L.) has been substantiated in the last 
few years by Bergmann et al.' and more recently by Karrer and 
Meyer,” yet all the evidence thus far furnished has been based on 
indirect evidence and, in addition, is contradicted by the conclu- 
sion of Neuberg, Wolff, and Niemann’ reached by the method 
of classical organic chemistry. However, the experiments of 
Neuberg could never be duplicated. Levene and Wildman‘ 
treated every one of the eight d-2-aminohexonic acids according to 
the directions of Neuberg, Wolff, and Niemann® but the 2-amino- 
hydroxy acid obtained by them in the first phase of Neuberg’s 
process was invariably inactive. The attempts of Karrer and 
Meyer® to repeat Neuberg’s experiments likewise met with little 
success. 

It seemed that if the formation of the 2-aminohydroxycaproic 
acid could be accomplished without complete racemization, then 
its transformation into optically active norleucine would be 
promising. Optically active 2-aminohydroxycaproic acid has 
now been obtained from glucosaminic acid by reduction with 
hydriodic acid dissolved in glacial acetic acid. Great difficulties, 
however, were encountered in the preparation of pure derivatives 


‘Bergmann, M., Zervas, L., Rinke, H., and Schleich, H., Z. physiol. 
Chem., 224, 33 (1934). 

* Karrer, P., and Meyer, J., Helv. chim. acta, 20, 407 (1937). 
' *Neuberg, C., Wolff, H., and Niemann, W., Ber. chem. Ges., 36, 4009 
1902). 

‘Levene, P. A., and Wildman, E. A., unpublished work. 

* Karrer, P., and Meyer, J., Helv. chim. acta, 18, 782 (1935). 
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of this hydroxy acid, owing to simultaneous formation of a lactone, 
whose ready formation may be taken as an indication that the 
hydroxyl group in the hydroxy acid is situated on carbon atom 
(4). Thus the substance probably has the following structure, 
CH;-CH,-CH(OH) -CH,-CH(NH;)-COOH. 

Efforts to reduce this substance to optically active norleucine 
are being continued. 


EXPERIMENTAL 


Action of Hydrogen Iodide in Acetic Acid on Glucosaminic Acid— 
Four sealed bomb tubes, each containing 5 gm. of glucosaminic 
acid (finely powdered), 0.5 gm. of phosphonium iodide, and 30 
cc. of a solution composed of equal parts by weight of dry hydro- 
gen iodide and dry glacial acetic acid, were heated at 125° during 
4hours. The tubes were then opened, and the contents removed, 
combined, and diluted to 1 liter with water. The aqueous solu- 
tion was now extracted several times with chloroform in order to 
remove the excess iodine. 

In the following operations all the lead and silver precipitates 
and residues were triturated and washed several times with hot 
water. These washings were then added to the filtrate from 
which the precipitate or residue had been removed. All concen- 
trations were performed at 40—50° under reduced pressure. 

The aqueous solution, after chloroform extraction, was treated 
with washed lead carbonate until nearly free from halogen. The 
lead precipitate was removed by filtration and the filtrate and 
washings treated with silver carbonate until free of halogen. The 
silver residues were then removed by filtration and the silver and 
lead ions removed from this filtrate by means of hydrogen sulfide. 

The solution was now concentrated to 200 cc. and again treated 
with silver carbonate and hydrogen sulfide. The filtrate was 
concentrated to a thick sirup which crystallized upon the addi- 
tion of 200 cc. of absolute ethyl alcohol. The material was 
removed by filtration, and the filtrate diluted with water and 
again treated with silver carbonate and hydrogen sulfide. 
Another crop of crystals was obtained by adding alcohol again 
to the concentrated filtrate. Total yield 5.6 gm. 

The product was recrystallized by dissolving in the minimum 
amount of cold water and then adding an excess of absolute 
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ethyl alcohol. In this way 4.9 gm. of material were obtained 
which had the following rotation. 


—1.70° X 100 
2 X 5.186 


[a]> = = —16.4° (in 20% hydrochloric acid) 
The substance had a composition agreeing with that for mono- 
hydroxyaminocaproic acid. 


4.892 mg. substance: 8.718 mg. CO, and 3.789 mg. H,O; 0.6% ash 
23.30 ‘ ™ : 4.16 cc. N, (762 mm. at 25°, Van Slyke) 
CsHy,0;N. Calculated. C 49.00, H 8.9, amino N 9.52 
Found (ash-free). ‘‘ 48.88, “' 8.7, “ “ 9.92 











PLASMA PROTEIN GIVEN BY VEIN AND ITS INFLUENCE 
UPON BODY METABOLISM* 


By FLOYD SHELTON DAFT, FRIEDA 8S. ROBSCHEIT-ROBBINS, 
anp G. H. WHIPPLE 


(From the Department of Pathology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, November 26, 1937) 


Experiments in this laboratory (5, 9) gave evidence that under 
certain conditions the plasma proteins as plasma given by vein 
are utilized by the fasting dog to replace or repair body protein. 
Experiments tabulated below confirm and extend this thesis. 
The body mechanism may be seriously disturbed and there may 
develop a peculiar intoxication (somewhat like that noted after 
long periods of fasting) when large amounts of plasma are given 
by vein and only small amounts of sugar by mouth (Tables II 
and II-A). There is obvious increase of protein catabolism and 
the urinary nitrogen may rise to very high levels (Table II). 

In considering the fate of the injected plasma protein we may 
mention two possibilities: that it is stored as plasma protein or 
as intermediates; that it is modified and incorporated in tissue 
cells. It seems probable that both mechanisms are involved. 


Methods 


The dogs used in these experiments were active, healthy, and 
under observation in the experimental colony for years. During 
the experiments the dogs were kept in galvanized iron metabolism 
cages in the laboratory under constant supervision. A 2 or 3 
day fast in each experiment preceded the experimental observa- 
tions. Water was present in the cages at all times. Food intake 
is shown in the clinical histories. 

Dog plasma for injection was obtained by blood collection into 
heparin from healthy donors. This plasma was injected into the 
jugular vein in one or two doses each day. Plasma protein, 


* Aided by a fund from Eli Lilly and Company. 
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as given in Tables I to III, was figured on the basis of the non- 
protein nitrogen as 20 mg. per cent. 

All periods, as given in Tables I to III, were terminated by 
catheterization and rinsing of the bladder. The urine was col- 
lected several times each day as passed in the cage and preserved 
by toluene and refrigeration. Urine analyses were made daily 
or every 2nd day: total nitrogen by macro-Kjeldahl, ammonia 
by aeration, urea by urease, creatine and creatinine by the meth- 
ods of Folin, and uric acid by the method of Morris and Mac- 
leod (2). 

The Cowgill diet (8) as used contained sucrose 55.1 gm., dextrin 
18.17, lard 16.65, butter 6.54, bone ash 2.36, a salt mixture (10), 
and supplements to supply vitamins A, D, B, G. For vitamins 
A and D two tablets of cod liver oil concentrate (Health Products 
Corporation, Newark) were given daily per 5 to 7 kilos of body 
weight of the dog. For vitamins B and G the following solution 
was administered: an aqueous suspension of 75 gm. of liver ex- 
tract No. 343 (Eli Lilly and Company) and 20 gm. of ryzamin in 
250 cc. of water. This suspension, adjusted to a pH just acid to 
litmus, was given orally in the dosage of 0.7 cc. per kilo of body 
weight. This mixture contains 132 mg. of nitrogen per 100 gm. 
of the diet mixture and only very small amounts of “protein,” 
4.93 calories per gm. Other details of the method relating to 
plasma volume, hemoglobin, and animal care have been recently 
described (11). 


Experimental Observations 


Tables I and I-A give all the experimental data relating to a 
long experiment with intravenous injections of large amounts 
of normal dog plasma. About 14 gm. of protein or 2.3 gm. of 
nitrogen are given daily without clinical disturbance and the dog 
during this time is in nitrogenous equilibrium (34 gm. of nitrogen 
excreted in the urine and 37 gm. of nitrogen in the protein in- 
jected during this 18 day period (Table I-A)). The weight loss 
amounts to 0.3 kilo. There is the usual shrinkage of the plasma 
volume noted during fasting or associated with very low protein 
diets. The non-protein nitrogen remains at a normal level. The 
fall in the hemoglobin level is due to repeated samplings and the 
determination of blood volume. The rise in circulating plasma 
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protein from 7 per cent to 8.6 per cent is the usual reaction and 
this level falls to normal a few days after discontinuance of the 
plasma injections. 

Table I shows the slight excess in urinary nitrogen which ap- 
pears as the plasma injections are begun. This is probably less 
than the increase which would appear if the same amounts of 
plasma protein were fed by mouth. When the plasma injections 
are discontinued, the urinary nitrogen promptly falls to the ex- 
pected fasting level—in other words there is no escape of nitrogen 
in the after period, as would follow if the plasma protein was 
eatabolized and eliminated in the urine as is true for foreign 
protein (9). 

Table I also shows a drop in the urea-ammonia fraction of the 
total nitrogen from 70 to 80 per cent noted in the fasting dog (2) 
to 65 per cent noted at times during plasma injections. This 
type of reaction was designated as the “reaction of conservation” 
and has been reported in other experiments (2) which showed a 
similar reaction when the anemic dog built much new hemo- 
globin during fasting periods. 

It is to be recalled that this dog in the week preceding this 
experiment had received a diet of liver, liver extract, and iron to 
promote a very lively hemoglobin production and a return to a 
high normal level of hemoglobin. It has been shown that under 
such circumstances the dog will put away a considerable reserve 
store in its body from which it can build much hemoglobin. Also 
on this diet the dog will store away protein materials from which 
much new plasma protein can be fabricated during periods of 
low plasma protein due to plasmapheresis. Under such circum- 
stances with the reserve stores well filled, it is probable that the 
body would accept with less ease large surplus amounts of plasma 
protein; yet this dog can do so readily, as shown in Table I-A. 

Tables II and II-A at first sight appear to be confused by a 
number of abnormal factors, but we believe when subjected to 
analysis several important conclusions emerge. This dog had 
been used as a blood donor and although the hemoglobin level 
was normal the dog was below normal weight. There was no 
frank clinical abnormality. During the fore period of 2 days 
fast and 6 days of sugar (50 gm. per day) feeding the weight loss 
was rapid and the urinary nitrogen was somewhat above the ex- 


pected levels. 
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Taste I 
Nitrogen Equilibrium with Plasma Protein by Vein 
Dog 32-3, adult, female mongrel coach dog. 





Period No. 









































—s Total N | Urea N + NH:-N N [Creatinine Creatine | Wola pat} Undetermined N 
ine cam | em | ver cn mo. | mg. | me | ome. | percent 
1* | 7.65 | 6.42 | 83.9 | 333 | 100 | 23 | 770 | 102 
2 | 4.69 | 3.63 | 77.4 | 321 ™m | 21 640 | 13.8 
3 | 3.59 | 2.56 | 71.3) 300 | 71 | 21 | 640 | 17.7 
Plasma injections begun plus Cowgill diet 
4 | 06 | 3.07 | 75.6 | 307 | 81 21 580 | 14.3 
5 301 | 2.03 | 674 204 | 26 18 | 640 | 21.3 
6 3.24 | 2.24 | 69.1 | 287 | 27 19 | 670 | 20.6 
7 | 3.20 | 2.22 | 69.4! 276 | 20 19 | 670 | 20.8 
8 | 3.58 | 2.48 | 69.3 | 284 7 | 2 | 790 | 220 
9 4.50 | 3.16 | 70.2 | 282 | 8 | 20 | 1030 | 22.9 
10 3.86 | 2.50 | 64.8 | 271 | I | 19 | 1060 | 27.4 
il 4.19 | 2.88 | 68.7) 265 | 26 | 22 | 1000 | 23.9 
12 4.50 | 2.94 | 65.3 | 273 | 21 | 22 | 1240 | 276 
Plasma injections discontinued 
13 | 3.17 | 2.03 | 64.0 | 243 | 12 | is | 870 | 274 
14 2.79 | 1.82 | 65.2 | 255 26 | 19 | 670 | 24.0 
15 | 2.9 | 2.10| 72.4) 20 | 19 | 21 | 510 | 17.6 


Figures i in states headed gm. or mg. represent nitrogen excreted in 


successive 48 hour periods. 
* Period 1 = 2nd and 3rd days of fasting. 





Clinical Experimental History (Tables I and I-A) 


Dog 32-3, adult female mongrel bull-coach. Born April, 1932. Raised 
on beef muscle diet from weaning until 1 year of age. Experimental 
anemia due to blood loss April, 1933, to March, 1934. Permitted to return 
to normal hemoglobin value for metabolism experiment. Rest period on 
kennel diet to September, 1936. September 30, 1936, preparation for 
plasma protein depletion. Vitavose, fat, and low protein diet. Plasma- 
pheresis November 16, 1936, to January 12, 1937. Again rendered anemic 
and hemoglobin reserve removed. Standard salmon-bread ration. Rou- 
tine anemia experiments to May 11, 1937. 

May 11. Blood picture permitted to go back to normal in preparation 
for plasma injection experiment. Daily diet consisted of pig liver 300 
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Tasie I-A 
Plasma Protein by Vein Utilized in Body Metabolism 
Dog 32-3, adult, female mongrel coach dog. 
| Plasma injected Cireulating plasma ‘ | 
Period No.| Urinary |——>;—— - ——aneme emo- | Weight 
hm.) | total N | Total N | Protein | Protein Nea-geo-| Total | Gobin tape 
gm. | gm. | gm. oe af “oe | ce. per cent | kg. 
1° | 7.65 | | 728 | 107 | 14.2 
2 4.69 | 
3 3.59 
Plasma injections begun 
4 | 4.06 | 4.93 | 30.3| 7.0 | 17 | 616 | 104 | 13.7 
5 3.01 4.59 28.1 yf 
6 3.24 4.61 | 28.2 8.3 13.5 
7 3.20 | 2.36 | 14.5 8.6 
8 3.58 | 4.70 | 28.8 8.6 19 625 96 13.6 
i) 4.50 | 4.65 28.5 8.9 
10 3.86 | 2.18 | 13.3 | 8.7 
ll 4.19 | 4.51 | 27.6 8.3 570 90 13.4 
2 | 4.50 | 4.81 | 29.5 | 86 | 18 
Plasma injections discontinued 
13 3.17 
4 | 2.79 | | | 
15 2.90 13.1 
16 | 617 12.9 





* Period 1 = 2nd and 3rd days of fasting. 


gm., lextron 6 gm. (liver-stomach concentrate 4.3 gm., vitamin B complex 
0.16 gm., including 330 mg. of iron), and salmon-bread. 
May 17. Fasting begun. 
May 18. Blood volume showed hemoglobin still below normal; trans- 
fusion of normal blood (30 gm. of hemoglobin). 
Metabolism Experiment—3 days fast, followed by 4 days feeding of Cow- 
18 day period 


gill diet (8) 200 gm. daily but without vitamin supplement. 


of intravenous injection of heparinized dog plasma, 225 cc. daily except 
Sundays. Cowgill diet without vitamin supplement during injection 
period and for 6 day after period. For weight loss see Table I-A. Dog 
was in good condition at the end of the experiment. 


ee Ae ae eee 





RP Rete ire EI” Kart 


OD ee, 


——— 


eS ao, Oe 


” 





92 Plasma Protein Effect on Metabolism 


Taste II 
Plasma Injections Cause Intoxication. Controlled by Diet 
Dog 34-146, adult, female white bull dog. 



































Peat Ge)'| Total N | Urea N + NHy-N| Creati, | Creatine | Urie acid | Undetermined N 
gm. gm. | percent) mg. mg. mg. mg. | per cent 

i* 8.73 | 7.80) 89.4 387 129 15 400 4.5 
2 7.58 | 6.97 | 92.0 331 96 12 170 2.1 
3 6.37 | 5.67 | 89.0 291 26 11 370 5.8 
4 6.04 | 5.39 89.2 275 26 12 340 5.6 

Plasma injections begun; sugar by mouth 

5 11.11 | 9.82) 88.4 364 221 28 680 6.0 
6 10.39 | 9.35 | 90.0 305 146 23 570 5.5 
7 14.29 | 12.95 | 90.7 319 208 26 790 5.4 
8 17.49 | 15.55 | 88.9 295 340 36 1270 7.3 





Plasma injections continued plus Cowgill diet 





9 9.62 | 8.52 | 88.6 276 219 24 580 5.9 
10 2.89 | 1.99 | 68.8 248 28 14 610 | 21.2 
11 3.70 | 2.70 | 73.0 285 26 17 670 | 18.1 
12 3.47 | 2.49) 71.9 277 13 12 680 | 19.4 
13 2.61 1.68 | 64.5 261 16 10 640 | 24.5 
14 2.22 | 1.22) 55.1 261 24 8 710 | 31.7 
15 2.01 1.14 | 56.8 239 14 7 610 | 30.3 
16 2.34 | 1.36 | 58.2 255 21 7 700 | 29.7 
17 2.34 | 1.47 | 62.7 250 19 7 590 | 25.5 
18 2.36 | 1.49 | 63.3 238 10 7 620 | 25.9 





























Plasma injections discontinued 





19 | 2.44 | 1.49| 61.0| 25 | 31 | 7 | 660 | 26.9 


* Period 1 = 2nd day of fasting (24 hours). The figures expressed in gm. 
or mg. for this period have been doubled. 





Clinical Experimental History (Tables II and II-A) 


Dog 34-146, adult female white bull. Born December, 1933. Used as 
blood donor. Plasma injections begun March 1, 1937. Kennel diet until 
beginning of experiment. 2 days fasting. 6 days 50 gm. of dextrose by 
stomach tube daily in the fore period. 28 day period of intravenous in- 
jection of heparinized dog plasma, 1081 cc. during the Ist week and 1200 ce. 
during the 2nd week, average daily injection 163 cc. First 8 days of plasma 
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Tasie II-A 
Positive Nitrogen Balance Due to Plasma Protein by Vein 
Dog 34-146, adult, ‘em:.le white bull dog. 
: Plasma ir jected Circulating plasma J | 
Period No.| Urinar emo- | Weight 
(@8 hrs.) | total N Total N | Protein | Protein pet b.4 globin | 
gm. gm. gm. opams onan per cent | kg. 
7.1 24 695 15.9 
1 8.73 
2 7.58 
3 | 6.37 | | 
4 6.04 602 i. 149 14.5 
Plasma injections begun; sugar re mouth 
5 | 1.11 | 3.66 | 22.5 | 7.0 a M4 
6 10.39 3.59 | 22.1 7.7 
7 14.29 3.44 | 21.0 7.9 
. 17.49 | 3.37 | 20.7 | 8.3 | 132 13.0 
Plasma injections plus Cowgill diet 
9 | 9.62 | 4.36 | 26.7| 8.5 | 
10 2.89 | 4.11 25.2 7.7 
ll 3.70 | 2.21 13.6 7.2 
12 3.47 | 4.12 | 25.3 7.5 665 109 13.3 
13 2.61 4.42 | 27.1 7.9 18 
4 2.22 | 4.17 | 25.6 | 8.0 
15 2.01 | 2.14 | 13.1 | 7.6 639 106 13.2 
16 | 2.34 | 4.24 | 26°) 82] 17 
17 2.34 4.12 25.2 8.4 
18 2.36 | 2.02 12.4 8.5 
Plasma injections discontinued; Cowgill diet continued 
9 | 2.44) | | 687 | 98 | 


13.0 





injection period 50 gm. of dextrose by stomach tube caily. Remaining 20 
days of injection period and 2 days after period dog was given Cowgill 
diet, 200.gm. daily. 25 cc. of packed red cells added to plasma for injec- 
tion on 2 days because of drop in red cell hematocrit and hemoglobin. 
Dog thin at beginning of experiment and lost weight rapidly until the 
Cowgill diet was fed. Thereafter weight was maintained. Dog thin but 
in good condition at end of experiment. 
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Plasma injections (about 160 cc. per day) and sugar by mouth 
during Periods 5 to 8 at once gave evidence of abnormality, 
Rapid weight loss continued and the urinary nitrogen rose day 
by day from 11.1 to 17.5 gm. The urea-ammonia fraction re. 
mained at a very high level (90 per cent) and there was a sharp 
increase in the creatine output which we believe is an indication 
of injury of muscle tissue (3). The total nitrogen rises to such 
high levels that it cannot be explained by simple waste elimina- 
tion of the injected plasma protein but indicates clearly that toxie 
products are formed in this reaction which injure body protein 
and swell the total output of protein split-products. The non- 
protein nitrogen rose during this period of intoxication and 
promptly fell when the Cowgill diet replaced the sugar feeding. 

A liberal intake of fat and carbohydrate (Cowgill diet) changes 
the picture completely, although the plasma injections are con- 
tinued as before. The dog was clinically improved and follow- 
ing Period 9, which is a carry-over from the period of intoxication, 
we note very low levels for urinary nitrogen and a conspicuous 
positive nitrogen balance. During Periods 10 to 18 inclusive (18 
days) the nitrogen intake as plasma protein is 31.5 gm. and the 
urinary nitrogen is 23.9 gm. Small amounts of nitrogen in the 
Cowgill diet and feces do not change this picture of active nitro- 
gen conservation. There is a slight gain in weight during this 
period (Table II-A). The creatine falls promptly to very low 
levels (Table II) and the urea-ammonia percentage falls rapidly 
to 55 to 60 per cent. 

Dog 34-146 (Tables II and II-A) conserves nitrogen more con- 
spicuously than the other two dogs. As an explanation we point 
to Periods 5 to 8 when there was definite intoxication and a strong 
negative nitrogen balance. It is probable that there was a 
depletion of body stores of protein during this period and the 
body therefore was ready to use protein materials to replete these 
stores and repair the protein injury. Obviously the presence 
of adequate fat and carbohydrate is a very important factor in 
this reaction of conservation. 

Dog 32-131 had been used in 1932 (4) and again in 1934 (9) for 
experiments of a similar type. Plasma had been given by vein 
during 2 week periods with definite evidence of plasma protein 
utilization but with no evidence of intoxication. There was ap- 
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proximately a nitrogenous equilibrium during the plasma injec- 
tion periods and no evidence of subsequent wastage of nitrogen. 


Tas_e III 
Intoxication Due to Plasma Protein Injections by Vein 
Dog 32-131, adult, mongrel hound. 




































































ie | Urea N + | Crea- | Crea- | Uric |Undeter- statins : 
qs |TotalN) “NHN |tinineN| tine N | acid N |mined N) Nitro- __ | Weight 
brs.*) gen Protein 
gm. gm. | per anil mg. mg. mg. ened gm. gm. kg. 
1 | 7.43 | 5.81 | 78.2 | 430 | 171 46 13.1 22.1 
2 | 6.42 | 5.05 | 78.7 | 385 | 170 39 12.0 
3 | 5.37 | 4.16 | 77.5 | 364 63 38 13.8 21.0 
4 | 4.70 | 3.59 | 76.3 | 364 59 34 14.0 21.1 
§ | 4.31 | 3.15 | 73.2 | 379 35 36 16.4 20 
Plasma injections begun; sugar by mouth 
6 | 5.37 | 4.15 | 77.3| 387 | 124 | 48 | 12.3 | 5.81 | 35.6 | 20.5 
7 |5.07| 3.81 | 75.2) 361 | 63 | 40 | 15.7 | 4.82 | 29.5 | 20.3 
8 | 5.60 | 4.46 | 79.6 | 344 20 40 13.2 | 5.34 | 32.7 | 20.1 
9 | 5.75 | 4.43 | 77.2 | 354 18 42 15.6 | 5.25 | 32.2 | 19.8 
10 | 7.01 | 5.74 | 81.9 | 344 20 44 12.3 | 5.09 | 31.1 
ll | 8.76 | 6.63 | 75.7| 354 | 33 | 51 | 19.3 | 4.90 | 30.9 19.4 
12 |12.30 | 7.98 | 64.9| 350 | 41 | 52 | 31.6 | 6.23 | 38.3 
Plasma injections discontinued; plasma plus sugar by mouth 
13 | 9.31 | 7.02 | 75.4 | 323 31 40 20.4 18.4 
144 | 7.10 | 5.82 | 82.0 | 320 36 38 12.5 
15 | 6.58 | 5.59 | 85.0 | 317 44 37 8.9 
Plasma by mouth discontinued; sugar only by mouth 
16 | 6.30 | 5.32 | 84.5 | 314 | 2 | 3% | 9.5 17.8 
17 | 4.97 | 3.83 | 7.1 | 321 | 16 | 31 | 15.5 17.7 




















* Each period 48 hours except Nos. 1, 5, and 15 which are each 24 hours 
but corrected for 48 hours. Period 1 = 1st day of fasting and Period 2 = 
2nd and 3rd days of fasting. 


Clinical Experimental History (Table IIT) 


Dog 32-131, normal adult mongrel hound used for various plasmapheresis 
experiments (4,9). Dog was given regular kennel ration (kitchen scraps) 
until beginning of experiment; then 3 days of fasting were followed by 
5 days feeding of 50 gm. of dextrose by stomach tube daily. Plasma injec- 
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tions intravenously 14 days (240 to 300 cc., average 257 cc. of heparinized 
dog plasma). Plasma usually given in one dose, sometimes divided into 
two doses dependent upon amount injected and clinical reaction of animal, 
Sugar feeding was continued during plasma injection period; followed by 
5 days plasma feeding plus dextrose (50 gm. of dextrose plus 250 cc. of dog 
plasma daily by stomach tube). Then 4 days sugar feeding alone (50 gm. 
of dextrose as before). Dog vomited 10 out of 14 days following plasma 
injections. Urine contaminated with vomitus in Period 8 only. Dog in 
good condition at end of experiment. 


The same dog under slightly different conditions (Table III) 
does show evidence of mild intoxication during the last three peri- 
ods of plasma injection (Periods 10 to 12) and there is a con- 
spicuous rise in the total urinary nitrogen and undetermined nitro- 
gen. It should be noted that in this last experiment (Table III) 
the dog received more protein (230 gm.) than in the earlier experi- 
ments (9) when 160 gm. were given during the same 14 day period. 
It is possible that the body can handle only about so much plasma 
protein and beyond this point the injected protein is catabolized 
with a related mild intoxication. It is also probable that in- 
creased ingestion of fat and carbohydrate will enable the dog to 
utilize more plasma protein given as plasma by vein (Tables I 
and IT-A). 

Feeding of plasma by mouth gives a rise in urinary nitrogen but 
a part of the high nitrogen output in Periods 13 and 14 is a carry- 
over from the intoxication in the three preceding periods. Even 
in the last period the urinary nitrogen has not fallen to the ex- 
pected low fasting level. During this experiment there was a 
considerable weight loss (4.4 kilos) which supports the argument 
for intoxication. 

In a discussion of this experiment (Table III) some observers 
would perhaps argue that simple storage of plasma protein was 
the predominant factor, but we believe that intoxication was 
largely responsible for the reaction given in Table ITI. 


DISCUSSION 


We propose for consideration the following thesis to explain 
the observed facts as tabulated above relating to the intravenous 
injection of blood plasma and its subsequent fate in the body. 
For plasma protein to be stored or utilized in the liver, muscles, 
or body tissues, it must be stored as such or slightly catabolized 
(large aggregates rather than amino acids) and synthesized to 
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cell protein. This mechanism may be disturbed by overloading 
(injection of too much plasma) or lack of adequate carbohydrate 
and fat. As a result the catabolism might go too far within or 
without the body cells and produce toxic split-products with evi- 
dence of intoxication and a great surplus of urinary nitrogen 
even much above that of the introduced protein. The experi- 
mental data in the accompanying paper (Howland and Hawkins 
(6)) are in harmony with this thesis. 

It is generally accepted that there are protein stores within 
the body which can be drawn upon in emergencies, for example 
fasting, acute anemia, and early plasma depletion (plasma- 
pheresis). Some of this store may be in body fluids including 
plasma, but a large amount must be in cells of the body (1, 7) 
(liver, muscle, and other tissues). We do not visualize these 
stores as coal in storage bins but as protein material related to 
the cell protein matrix—perhaps of slightly different character 
or as large aggregates approximating proteins in size. We visu- 
alize no difficulty in an intracellular modification and utilization 
of storage protein under favorable conditions to repair or replace 
the cell protein matrix. 

Even if one argues that the plasma protein is stored as such, it 
must be stored within the cells of the organs and tissues where it 
could scarcely escape modification by the cells concerned. The 
fact that the blood plasma protein concentration falls to normal 
in 2 to 4 days after injections are discontinued would speak 
emphatically for normal protein concentration within the body 
extracellular fluid at that time and exclude this body fluid as a 
hypothetical protein storage reservoir. 


SUMMARY 


Dog plasma given by vein to a protein-fasting dog is well utilized 
under certain conditions and will maintain the dog in nitrogenous 
equilibrium. There is no wastage of surplus urinary nitrogen in 
after periods. It appears that the introduced plasma protein 
under such conditions is utilized efficiently in body metabolism to 
replace or repair organ or tissue protein. One can scarcely escape 
the conclusion that this mechanism is operative under normal as 
well as emergency conditions. This has suggested a “dynamic 
equilibrium’’ between plasma proteins and cell proteins. 

This mechanism may be disturbed, and associated with plasma 
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injection there may appear an intoxication. It is possible that 
overloading by large plasma injections is one factor which may 
bring about intoxication, probably related to catabolism of the 
excess injected plasma protein. Administration of abundant 
carbohydrate and fat will prevent the intoxication. 
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PROTEIN METABOLISM, PROTEIN INTERCHANGE, AND 
UTILIZATION IN PHLORHIZINIZED DOGS 


By J. W. HOWLAND anp W. B. HAWKINS 


(From the Department of Pathology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, November 26, 1937) 


Can the body utilize plasma proteins in its metabolic processes 
when there is a demand for protein material? Previous reports 
from this laboratory have shown that dog plasma given intrave- 
nously to a protein-fasting dog will maintain the dog approxi- 
mately in nitrogen equilibrium. No surplus nitrogen elimina- 
tion is found in subsequent periods. Such evidence points to 
an efficient utilization of the introduced plasma protein either to 
replace or repair tissue protein (2, 9, 3). 

Further knowledge as to the fate of this injected plasma protein 
is desirable. Is it metabolized in the same manner as it would be 
if it were fed to the dog? It seemed possibie that additional 
evidence as to the mode of utilization might be obtained by in- 
troducing the plasma protein into a dog rendered diabetic by 
phlorhizin. If it should be catabolized in the usual manner, 
then there should be an increased amount of nitrogen and sugar 
eliminated in the urine. Lusk (6) has shown that dogs rendered 
completely diabetic by phlorhizin convert 58 per cent of fed 
proteins to glucose and Janney (4) has demonstrated that 55 per 
cent of fed serum protein is converted into glucose. 

The metabolism of injected plasma protein apparently is 
different. It promptly disappears from the blood stream and yet 
ho excess nitrogen or sugar is recovered from the urine. Either 
the protein is removed from the blood stream and stored in body 
tissues in its original form or else it is only partially broken down 
and then rebuilt into tissue proteins. It is obvious that it is not 
catabolized to amino acids before being utilized, since no excess 
nitrogen or sugar is found. 

This suggests an interesting method of protein exchange within 
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the body—not a complete protein catabolism as in digestion but a 
slight catabolic change of serum protein into large aggregates of 
amino acids with subsequent reassembly into the protein peculiar 
to the cell of the particular organ or tissue. 


Methods 


The plan of the individual experiment was simple. The 
dog was fasted for 24 hours and then with continued fasting, 
phlorhizin in olive oil in 1 gm. doses was injected subcutaneously 
daily throughout the experimental period. On the 3rd or 4th 
day after phlorhizin injection was begun, when the D:N ratio 
indicated the dog had been rendered completely diabetic, urine 
collected over a 12 hour basal period was taken and determina- 
tions carried out. Following the basal period a known amount 
of plasma protein was injected intravenously and the animal 
followed through an adequate number of periods all 12 hours in 
length. Control experiments were conducted under identical 
conditions, a similar amount of Locke’s solution (300 ec.) contain- 
ing a known amount of anhydrous glucose (300 mg.) being used. 
The dogs were kept in metabolism cages with access to water. 
At the end of each period the dog was catheterized and all urine 
removed with washing out of the bladder with water until the 


return fluid was found to be water-clear. Toluene (5 cc.) was | 


used as preservative. 

Total blood plasma nitrogen, albumin and globulin, non-pro- 
tein nitrogen, sugar, and acetone bodies were determined. Total 
urinary nitrogen, urea, ammonia, acetone bodies, and sugar 
were determined. 

Blood for analysis was drawn from the jugular vein into hem- 
atocrit tubes containing a 1.4 per cent solution of sodium oxalate 
and centrifuged for 35 minutes. Total nitrogen of the plasma 
obtained was determined by the macro-Kjeldahl method, K,80, 
and selenious acid being used as the oxidizing agent. 1 ce. of 
plasma was used and determinations were run in triplicate. The 
determination of albumin and globulin was carried out according te 
Howe’s method, as described by Peters and Van Slyke, with 22 pet 
cent sodium sulfate at 37°; triplicate determinations were carried 
out. 

Urine was analyzed for total nitrogen on 1 cc. aliquots by the 
macro-Kjeldahl method. 
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The urease method with aeration and titration for both urea 
and ammonia, according to Van Slyke and Cullen, was utilized in 
determining urine urea and ammonia. 

Blood filtrate was obtained by the Folin and Wu tungstic acid 
precipitation method as modified by Van Slyke and Hawkins. 
Non-protein nitrogen was determined by nesslerization. 

The colorimetric copper method of Benedict was used for blood 
sugar and Shaffer and Hartmann’s copper titration method for 
urine sugar. 

Titrimetric determination of the acetone bodies in blood and 
urine with Denigés’ reagent were made as described by Van Slyke 
and Fitz. The Folin-Wu blood precipitation method was used 
in place of the mercuric sulfate after careful check determinations. 

Blood volumes were determined by the brilliant vital red dye 
method. 

Plasma for injection was obtained from donor dogs, heparin 
being used as anticoagulent, with centrifugation of blood for 35 
minutes. Total plasma nitrogen and sugar were determined. 
The plasma was given intravenously from a gravity bottle. 

The phlorhizin utilized was a preparation of either Merck or 
Schering-Kahlbaum. It was first recrystallized from an alcohol- 
water solution, filtered, and dried over H,SO, in a vacuum desic- 
cator. With sterile technique this was ground in a mortar with 
dlive oil which had previously been immersed in a boiling water 
bath for 30 minutes. 1 gm. of phlorhizin mixed in 7 cc. of olive 
oil was the daily dose injected at 24 hour intervals. 

The animals used in the experiments were mongrel dogs of ap- 
proximately 15 kilos weight. Between experiments these dogs 
were on a kennel diet of hospital scraps for at least 6 weeks, 
during which time their former weight was completely regained. 


Experimental Observations 


Table I (Dog 35-13) illustrates the results obtained from both 
the feeding and injection of plasma protein. As soon as the dog 
had been made diabetic by phlorhizin, a 12 hour basal period 
collection was made and analysis performed. At the beginning 
of the next collection period the dog was given 302 cc. of dog 
Plasma by stomach tube. This plasma contained 3.36 gm. of 
nitrogen, 20.84 gm. of protein, and 0.25 gm. of sugar. At the 
end of this period 1.97 gm. of extra nitrogen and 9.48 gm. of extra 
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sugar were present in the urine above the control basal level, 
The extra nitrogen amounts to 58 per cent of the fed nitrogen. 
On the basis of this extra nitrogen one would expect an increase 
of 7.2 gm. of sugar, whereas 9.48 gm. were recovered. Accom- 
panying the presence of the excess sugar the acetone bodies of 
both blood and urine drop markedly. These data show that 
plasma protein when fed is digested and partially converted into 
sugar just as other proteins are. Since the D:N ratio had re- 


TABLE I 


Plasma by Stomach and Vein 























Dog 35-13. 

os | Urine | Acetone bodies | | 

Peri a Plas Plas 
No. | | postal | vlan | a 
Total NUN Nxt | Sugar | Blood | Urine | 
gm. | per cent ae gm. | mg. per | gm. a | ce. 
1 | | | 6.14 | 705 
2 5.82 | 60 | 22.03 | 103 2.95 q 5.27 | | 3.78 








Plasma by stomach tube 302 cc. = 3.36 gm. N = 











20.84 gm. protein 














3 | 7.7 | 8 | 31.76 | 50 | 0.90 | 4.99 4.08 
4 | 5.13 77 | 18.47) 69 | 1.25 | 5.39 | 641 | 3.60 
Plasma by vein 278 cc. = 3.08 gm. } N = 19.0 gm. protein 

| | Sa ena 
5 | 4.9 | 76 | 19.77) 49 | 0.86 | 5.57 | | 3.98 
6 | 4.47 | $4 | 19.01) 58 | 0.72 | 6.01 | 4.26 
7 | 3.31| 76 |17.18| 67 | 0.40 | 5.82 | | 5.19 
8 | 3.73 | 87 | 15.15| 46 | 0.26 | 6.12 | 638 | 4.06 





turned to 3.6 at the end of the subsequent basal period, 278 ce. 
of dog plasma were injected into the jugular vein at the beginning 
of the next period. 

The plasma was given in two doses with an hour elapsing 
between the first and second injections. It contained 3.08 gm. 
of nitrogen, 19.00 gm. of protein, and 0.26 gm. of sugar. In 
the urine collected at the end of this period there was no excess 
nitrogen or sugar. In subsequent basal periods the total nitrogen 
excreted decreased and the sugar diminished slightly. Blood and 
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urine acetone bodies are low as compared with the original basal 
period. Owing to lack of space all deta cannot be shown in 
Table I. The weight at the beginning was 14.7 kilos and there 
was a gradual daily loss to 13.4 kilos. The red cell hematocrit 
also decreased from 48.9 to 39.8 per cent. Approximately 25 cc. 
of blood were removed daily for analysis. The albumin to globu- 
lin ratio determined daily showed no significant alterations. The 
blood sugar varied from 24 to 30 mg. per cent. 

As the experiment progressed the dog became lethargic, but 
shortly after the injection of the plasma it became more alert and 
active. At the site of injection of one of the doses of phlorhizin 
a small abscess developed on the next to the last day of the experi- 
ment. It was lanced and 15 cc. of reddish semifluid material were 
obtained. On the morning of the last day, while being catheter- 
ized, the dog had some convulsions with loss of sphincter control. 
This is no doubt related to the hypoglycemia. The Jog promptly 
returned to normal upon feeding. 

This experiment illustrates two phenomena. By calculation 
the total circulating plasma proteins were determined before and 
after injection. By addition of the amount injected (19 gm.) 
and deduction of the amount removed in sampling (3.7 gm.) 
it is found that a total of 10.78 gm. of the injected protein has 
disappeared from the blood stream without any evidence of its 
having been catabolized. Also following the injection of the pro- 
tein the total urine nitrogen decreases in each basal period. This 
suggests conservation of nitrogen on the part of the dog. 

After 2 months rest a repeat experiment (Table IT) was performed 
on this dog, except that feeding of plasma protein was excluded. 
After three 12 hour basal periods 340 cc. of plasma were injected 
intravenously in two divided doses early during Period 4. This 
plasma contained 3.88 gm. of nitrogen, 24 gm. of protein, and 0.31 
gm. of sugar. Following the injection the dog became more ac- 
tive and alert. At the end of this 12 hour period the plasma 
protein percentage was elevated from the control level of 5.94 gm. 
to 6.55 gm. The urine nitrogen shows a distinct decrease as 
compared with the control levels and there is a slight decrease 
in the urine sugar. At the end of the subsequent basal period 
there is a very marked decrease in both urine nitrogen and 
sugar. This marked reduction in the amount of nitrogen and 
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sugar seemed unlikely and loss of some urine was considered, 
The volume of urine, however, was approximately the same as 
during other collection periods and there was no evidence of 
urine loss in the region of the cage. Calculations were checked 
and found to be correct, so we have to accept the figures as given 
although we do so with some reservations. During the last two 
basal periods the urine sugar and nitrogen rise but are still much 
below the control basal levels. The acetone bodies of the blood 
decreased slightly, while those in the urine are much lower than 
the control levels. There was gradual progressive weight loss 








TABLE II 
Plasma by Vein 
Dog 35-13 
Urine Acetone bodies | | 
 ~ a a ‘ae raanae Plasma | Fiemme D:N 
o. | Total N Oe H+ Sune Blood Urine | protein | volume | ratio 
| gm. per cent gm. = gm. | —" ee. | 
1 | 4.71 | 78 | 18.30) 75 | 2.95 | 5.79 | 3.88 
2 | 5.17! 78 |17.88| 75 | 3.46 | 6.15 | 3.46 
3 | 3.46 


| 5.09 78 17.64 68 | 2.58 5.94 | 694 





Plasma by vein 340 cc. = 3.88 gm. N = 24 gm. protein 


4 |3.74| 76 |15.74| 47 | 0.92 | 6.55 | | 4.21 
5 |122| 80 | 4.54| 18 | 0.47 | 6.42 | 641 | 3.70 
6 | 2.92 83 12.28; 60 0.36 | 6.29 | | 4.21 
7 


(3.44 84 | 13.05 67 | 0.47 | 6.21 | 3.79 





from 15.2 to 14.1 kilos. Blood sugar levels ranged between 19 
and 22 mg. percent. Non-protein N is present in normal amount. 

In this experiment the entire amount of injected plasma protein 
disappeared from the blood stream within 24 hours, and there is 
indication of nitrogen conservation. 

Dog 35-15 (Table ITI) was phlorhizinized in a similar manner 
and then given 355 cc. of plasma which contained 4.01 gm. of 
nitrogen, 24.74 gm. of protein, and 0.316 gm. of sugar. Non- 
protein N = 0.017 gm. At the end of the period in which the 
injection was made the plasma protein circulating was but slightly 
elevated. In the urine 0.414 gm. of nitrogen in excess was ob- 
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tained but only 1.14 gm. of sugar, part of which can be accounted 
for by the 0.316 gm. given in the plasma. In subsequent periods 
the amount of nitrogen and sugar eliminated is definitely below 
the control values. 48 hours after the plasma was injected the 
total circulating protein is 37.29 gm. which is 5.74 gm. less than 
that circulating just previous to injection. 3.92 gm. of protein 
were removed in the samples taken. Again there has been com- 
plete disappearance of all of the injected protein with no excess of 
nitrogen or sugar in the urine. Blood and urine acetone bodies 
were decreased after injection but rose in subsequent periods, 




















Tas_e III 
Plasma by Vein 
Dog 35-15. 

Urine Acetone bodies 

Byiad ~ -s Se ated a Faeue Fieme | ! 
. | ‘0 Vv 

* | Total N Ure | Sugar | Blood | Urine | —— | es oo 

gm. | percent | gm. | “a | gm. | oe of ce. | 

1 | | | 6.08 | 643 | 
2 4.59 76 17.85 89 1.50 6.40 673 3.88 

Plasma by vein 355 cc. = 4.01 gm. N = 24.74 gm. protein 
3 | 5.01 | 77 | 18.99) 56 | 0.99! 6.55 | | 3.79 
4 | 3.11] 78 | 13.75; 9 | 0.49 | 6.99 | | 4.41 
5 3.05 | 73 | 11.21 105 | 1.01 | | 3.67 
6 3.22 | 76 12.38 | 99 1.28 | 6.64 | 562 | 3.84 








Non-protein N was not elevated following injection. The weight 
dropped from 14.95 to 14.15 kilos and the red cell hematocrit from 
46.2 to 43 per cent. The albumin to globulin ratio showed no 
significant change. The blood sugar ranged from 22 to 32 mg. 
per cent. 

Table IV (Dog 35-127) gives results on another dog that 
weighed 10.5 kilos as compared with about 14.5 kilos for the other 
dogs. Only 260 cc. of plasma were injected and it contained 
3.18 gm. of nitrogen, 19.08 gm. of protein, and 0.23 gm. of sugar. 
The plasma was injected in one dose over a 15 minute period with 
no untoward effects, but an hour later the dog vomited and def- 
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ecated and appeared inactive. Recovery was prompt and there 
was no other disturbance. Following the injection there is no 
excess nitrogen or sugar in the urine and in subsequent basal 
periods the nitrogen and sugar levels gradually decrease in 
amount. There is no striking change in the blood and urine ace- 
tone bodies. Non-protein N remained at normal levels and the 
blood sugar ranged from 10 to 32 mg. per cent. The weight fell 
gradually from 10.7 to 9.64 kilos. 

Within 48 hours of the injection practically all the injected 
plasma protein has disappeared from the blood stream. 3.09 gm, 
of protein were removed in samples taken for analysis. Again 

















Tasie IV 
Plasma by Vein 
Dog 35-127. 
Urine | Acetone bodies 
Bylot | Plasma Pieme | je 
= Total NOTE NS | Sugar | Blood Urine | — ee | 
aS ae we 
gm. | percent | gm. "25" | gm. | - | @. 
| | 
1 3.49 | 77 | 11.11) 59 | 0.59 | 5.58 | 432 | 3.18 
Plasma by vein 260 cc. = 3.18 gm. N = 19.08 gm. protein 
2 | 3.77 | 76 | 11.69) 58 | 0.52) 5.96 | 3.10 
3 3.28 | 77 | 9.55) 47 | 0.46 | 6.18 2.91 
4 2.7%6 | 75 7.24| 55 | 0.29 | | 2.62 
5 | 2.39) 75 | 7.46) 89 | 0.50 | 6.42 | 395 | 3.12 








there is no evidence that this protein has been catabolized in the 
usual manner, since no excess nitrogen or sugar is recovered. 

Control experiments were conducted in which 300 mg. of an- 
hydrous glucose in 300 cc. of Locke’s solution were injected. 
These amounts approximate the amount of blood sugar and the 
volume of plasma that had been injected. The experiments were 
performed in order to learn what effects the small amount of sugar 
and the volume of injected fluid might have on the acetone 
bodies. 

Dog 35-15 had been used in the previous experiments and 
Table V records the data obtained. There is a slight decrease in 
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e protein percentage in the circulating plasma, as would be expected 
) in a fasting animal. The urine nitrogen and sugar progressively 
| decrease. Following the injection of the sugar and Locke’s 
n 
¥ Taste V 
: Glucose and Locke’s Solution by Vein 
" Dog 35-15. 
Uri ea bodies =| 
i Peri d No. sos — | Plasma | D:N ratio 
; | protein 
Total N | Sugar | Blood | Urine | 
‘ gm. gm. | ™e per cent gm. gm. per cent | 
1 4.54 19.86 101 3.34 6.34 | 4.38 
2 4.59 16.73 | 101 3.77 | 3.64 
3 4.40 | 16.02 | 130 | 3.76 | | 3.68 
By vein 300 mg. anhydrous glucose in 300 cc. Locke’s solution 
4 3.07 | 14.23 | 71 1.65 | 4.64 
5 2.83 9.57 78 0.71 3.38 
6 3.05 9.4 | 91 0.55 5.75 3.12 
Taste VI 
; Glucose and Locke’s Solution by Vein 
Dog 35-13. 
j Uri Acetone bodi 
Period No. = | sas eee | D:N ratio 
TotalN | Sugar | Blood | Urine 
gm. gm. mg. per cent gm. gm. per cent 
- 1 4.46 17.39 57 2.7 5.99 3.89 
2 4.52 17.71 82 2.63 3.91 
1e 3 4.31 17.62 79 2.66 4.08 
4 4.38 16.42 74 1.98 3.74 
. By vein 300 mg. anhydrous glucose in 300 cc. Locke’s solution 
1e 5 4.01 17.66 75 2.28 4.41 
re 6 4.22 16.13 71 0.88 5.80 3.82 
ar 
n€ solution the acetone bodies of both blood and urine decrease and 
remain low, particularly in the urine. The weight fell from 15.1 
id to 14.3 kilos. 
In A control experiment was performed on Dog 35-13 also, and 
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there was but little change in the circulating plasma protein 
percentage (Table VI). The urine nitrogen following the injec- 
tion of sugar in the Locke’s solution is slightly less in amount than 
during the fore-basal periods, but the urine sugar is on the same 
general level. The increase in urine acetone bodies at the end of 
the injection period may be the result of a flushing out by the 
fluid. The weight decreased from 15.2 to 14.5 kilos. 
DISCUSSION 

Previous experiments in this laboratory have shown that the 
dog has protein stores that it can draw upon when there is a de- 
mand for plasma protein formation. These stores become de- 
pleted upon fasting of the animal (2, 7-9). Luck (5) has given 
evidence for liver storage of proteins related to the diet and 
Addis (1) and his associates have reported that when rats are 
fasted there is prompt decrease in the protein content of the liver. 
In our experiments the dogs were fasting and also were under 
the additional strain of being diabetic owing to phlorhizin. Dur- 
ing the 4 or 5 days prior to the injection of the plasma protein 
there undoubtedly was utilization of reserve protein stores with 
partial depletion. Consequently the body was in a state where it 
would welcome any protein introduced and utilize it to the best 
of its ability. The data indicate that the injected protein very 
promptly disappeared from the blood stream. No protein was 
lost in the urine. However, there was no increase in urinary 
nitrogen or sugar as there was when the plasma protein was fed. 

What happens to this protein when it leaves the blood stream? 
It might be argued that it was removed as such and stored in the 
body without alteration. The body cells vary as regards their 
protein make-up and it seems unlikely that plasma protein could 
be taken in by the cells to form their particular types of protein 
without its first undergoing alteration. 

In these experiments there is evidence of nitrogen conservation 
following the injection of the plasma protein. It seems that the 
body economy is altered as the result of receiving this protein 
material. In other experiments performed in this laboratory 
the evidence all points to actual utilization of the protein (2, 
9,3). When dogs are fed a protein-free diet and are given plasma 
by vein over a 2 week period, it is possible to maintain them 
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approximately in a state of nitrogen equilibrium. There is no 
loss of protein in the urine and no excess nitrogen is eliminated 
subsequently. 

This utilization of the injected plasma protein without the 
elimination of any excess nitrogen or sugar points to a different 
metabolic mechanism on the part of the body. When the pro- 
tein is fed, amino acids result from the complete digestion of the 
injected material. However, when injected, such breaking down 
of the protein does not occur, as no sugar is formed. We suggest 
the following mechanism occurs. The plasma protein is removed 
from the blood and then undergoes slight catabolic change with 
formation of large aggregates of amino acids and these are then 
reassembled by the cells to form their own particular protein 
matrix. 

It is reasonable to believe that it is in this manner that protein 
exchange occurs within the body rather than that protein must 
be always completely catabolized and the desired type of protein 
then be elaborated from the amino acids. 


SUMMARY 


When phlorhizinized dogs are fed plasma protein, it is digested 
with conversion of part of it to sugar. Ketosis decreases as the 
result of the sugar formation. 

When phlorhizinized dogs receive plasma protein by vein, the 
injected protein promptly disappears from the blood stream. 
No protein is lost and there is no excess elimination of nitrogen 
or sugar in the urine. 

There is some decrease in the ketosis following injection of 
plasma protein and the dogs are clinically improved. 

There is evidence of nitrogen conservation by the body follow- 
ing the injection of plasma protein. 

The metabolism of protein when fed is different than when it is 
injected. It is suggested that there is partial catabolism of the 
injected protein with reassembly of the large aggregates formed by 
the cells to form their own peculiar type of protein. 

This partial catabolism with reassembly of the large aggregates 
may be the method of protein interchange within the body rather 
than a complete catabolism to amino acids with subsequent re- 
synthesis to protein. 
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DETERMINATION OF CEPHALIN IN PHOSPHOLIPIDS 
BY THE ESTIMATION OF CHOLINE* 


By HAROLD H. WILLIAMS, BETTY NIMS ERICKSON, IRA AVRIN,t 
SAMUEL 8. BERNSTEIN, ann ICIE G. MACY 


(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 
(Received for publication, November 15, 1937) 


There are three types of phospholipids recognized at the present 
time, lecithin, cephalin, and sphingomyelin. The biochemical 
importance of these substances as a group is well established (1). 
Because of the great difficulty in quantitatively differentiating 
them (2), little is known of the biological réle of the individual 
phospholipids. 

During a series of studies (3-6) in this laboratory on the lipids 
of erythrocytes and plasma of blood dyscrasias it seemed signifi- 
cant to determine whether the differences noted in the phospho- 
lipids were due to parallel changes in the individual types consti- 
tuting the phospholipid mixture, or whether the fluctuations were 
due to one particular type of phospholipid. 

Attempts to determine the cephalin by the amino nitrogen 
method verified the finding of Van Slyke and coworkers (7), 
that the determination of the cephalin by this method cannot be 
made because of contaminating nitrogen compounds. A method 
was developed, based upon the relative solubilities of lecithin and 
cephalin in absolute alcohol (8). The results obtained with 
this method exhibited striking consistencies in the absolute alco- 
hol-soluble phospholipids of erythrocytes and plasma and indi- 
cated the presence of larger amounts of cephalin in the erythro- 


eyte (3, 4, 8). 


*A preliminary report of this investigation was presented before the 
Division of Biological Chemistry at the Ninety-fourth meeting of the 
American Chemical Society at Rochester, New York, September 9, 1937. 

t Some of the data have been taken from the dissertation submitted by 
Ira Avrin in partial fulfilment of the requirements for the Degree of Master 
of Science in the Graduate School, Wayne University, Detroit. 
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Recently, Beattie (9), in England, published a microchemical 
method for the determination of choline. Inasmuch as cephalin 
contains no choline, and the choline content of lecithin and 
sphingomyelin is approximately equal, this method offered the 
possibility of estimating quantitatively the cephalin content of 
small amounts of phospholipid. 


EXPERIMENTAL 


Determination of the choline content of standard choline solu- 
tions demonstrated that the method was accurate within the 
limits stated by Beattie (9). Attempts were made to find a 
suitable means of hydrolyzing small amounts of phospholipid to 
liberate the choline quantitatively. Hydrolysis with hydro- 
chloric acid proved difficult to control with small quantities, while 
the use of sodium hydroxide gave incomplete recoveries of choline, 
On the basis of several reports in the literature (10) that barium 
hydroxide readily liberates the choline from lecithin and sphingo- 
myelin the effect of barium hydroxide on standard choline solu- 
tions was studied. Amounts of choline hydrochloride, ranging 
from 0.3 to 2.0 mg., were carried through the barium hydroxide 
hydrolysis procedure and determined as outlined under the 
method. The quantitative recovery of the choline obtained indi- 
cated that hydrolysis with barium hydroxide has little or no effect 
in the determination of choline. 

The choline content of a standard ethyl ether solution of egg 
phospholipid, prepared according to the procedure of Bloor (11) 
for isolating blood and tissue phospholipids, was determined after 
hydrolysis with barium hydroxide. This solution, which con- 
tained 4.1 mg. of phospholipid per cc. determined by the Bloor 
oxidative titrimetric technique (11), had an average of 0.62 mg. 
of choline hydrochloride per cc. (15.1 per cent). Known amounts 
of choline hydrochloride added to this solution were recovered 
quantitatively. In order to determine the choline content of 
blood phospholipids, the plasma, erythrocytes, and stroma, from 
which the phospholipids were to be isolated, were extracted with 
alcohol-ether (3:1) as specified by Bloor (12). The alcohol-ether 
extract was then evaporated, in vacuo, below 50° in a stream of 
nitrogen and the lipids transferred to a 50 cc. centrifuge tube by 
three extractions with boiling petroleum ether. 

It was found necessary to use this method of evaporating the 











id 
he 


lu- 


| 
=f 
oe 


eR s 


2k& 





Williams, Erickson, Avrin, Bernstein, Macy 113 


alcohol-ether extract, as it has been the experience of several in- 
vestigators (13-15), as well as our own, that evaporation on the 
steam bath results in low yields of phospholipid. Apparently 
the phospholipids are decomposed or oxidized to the extent of 
being partially insoluble in petroleum ether when the alcohol- 
ether extract is evaporated in air. Recently, Bloor (16) has re- 
ported that a modification of the original procedure, which pre- 
vents oxidation of the phospholipids during the evaporation of the 
aleohol-ether extract, has been used in his laboratory for some 
years. 

In this laboratory, various methods of evaporating the alco- 
hol-ether extract and their effect on the subsequent recovery of 
the phospholipids by petroleum ether have been studied ex- 
tensively (17). Alcohol-ether extracts of plasma, erythrocytes, 
and erythrocyte stroma, varying from 25 to 200 cc. in volume, 
were evaporated under different conditions. The small quantities 
of suspended residue which were insoluble in petroleum ether 
were separated by centrifugation and washed several times, the 
wash solutions being combined with the original petroleum ether 
solution. Exclusion of air during evaporation increased the yield 
of petroleum ether phosphorus from 5 to 22 per cent. Evapora- 
tion under nitrogen at reduced pressure and below 50° resulted in 
average recoveries of 80, 90, and 93 per cent of the alcohol-ether 
phosphorus by petroleum ether, of plasma, erythrocytes, and 
erythrocyte stroma respectively. Furthermore, precipitation 
and determination of the phospholipids of the petroleum ether 
solution according to the Bloor technique (11) gave values com- 
parable to those calculated from the petroleum ether phosphorus 
with the factor 23.54 (13). Evaporation in vacuo under nitrogen 
below 50°, essentially the procedure of Man (14), was adopted for 
preparing the petroleum ether solution of the phospholipids from 
the alcohol-ether extract. 

The phospholipids were precipitated from the petroleum ether 
according to the method of Bloor (11) and redissolved in moist 
ethyl ether. 


Method of Determining Choline Content of Phospholipids 


An aliquot of the ether solution of the phospholipids, as pre- 
pared above, is taken for the determination of the phospholipid 
by the oxidative titrimetric procedure (11). To a second aliquot 
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in a 125 cc. Erlenmeyer flask are added 15 cc. of 95 per cent ethyl 
alcohol and 1 ce. of a saturated solution of barium hydroxide. 
The flask is placed on the steam bath and the contents evapo- 
rated to dryness, the last traces of alcohol being removed with 
a stream of air. Caution is necessary at the end of the evapora- 
tion to avoid overheating the residue. 0.6 ec. of normal hydro- 
chloric acid is added to the flask and the acidified residue ex- 
tracted with three successive 10 cc. portions of boiling petroleum 
ether. The contents of the flask are then transferred to a 10 ce, 
test-tube with three successive 2 cc. portions of distilled water, 
making the final volume in the test-tube approximately 6 ce. 
To the solution in the test-tube is added 1 cc. of a freshly pre- 
pared, saturated solution of Reinecke salt! in water, and after 
the material has stood for 10 minutes or more to allow for com- 
plete precipitation of the choline, the determination is carried out 
exactly as specified by Beattie (9). 


DISCUSSION 


In the calculation of the percentage choline content of the phos- 
pholipids it is necessary to utilize an average molecular weight for 
the fatty acids which they contain. Choline hydrochloride has 
a molecular weight of 157.6. Stearyl oleyl lecithin has a molec- 
ular weight of 805.7 and would therefore have an equivalent of 
19.56 per cent of choline hydrochloride. Palmityl oleyl lecithin 
has a molecular weight of 777.7 and would have an equivalent of 
20.27 per cent choline hydrochloride. Sphingomyelin, on the 
basis of the figures of Bull (10) for the percentage composition of 
fatty acids, i.e. 57 per cent stearic acid, 25 per cent lignoceric 
acid, and 18 per cent nervonic acid, has a molecular weight of 
784.5 and would have the equivalent of 20.09 per cent choline 
hydrochloride. It has been assumed, therefore, that 20.0 per 
cent represents a fair average for the choline content of lecithin 
and sphingomyelin, calculated as the hydrochloride, and this 
value was used to calculate the cephalin present. The formula 
100 — 5X = Y, where X is the percentage of choline hydro- 
chloride and Y is the percentage of cephalin, is used for this caleu- 
lation. 


1 The Reinecke salt was purchased from Eimer and Amend, New York. 
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The determination of the phospholipid phosphorus permits a 
more direct calculation of the cephalin and eliminates the use of 
an average value for the molecular weight of the fatty acids pres- 
ent. Cephalin contains no choline, whereas both lecithin and 
sphingomyelin contain 1 molecule of choline for each molecule of 
phosphorus. If the ratio of equivalents of choline to phosphorus 


TABLE I 


Cephalin Content of Blood Phospholipids Calculated from Percentage Choline 
(A) and from Ratio of Choline to Phosphorus (B) 

















| | Plasma Erythrocytes 
| Sam- | | Ratio | | | | Ratio | 
Ro. | Gne | Gita” Jeauiva-) Capt | Gihe- | Capt |equive-] Caph- 
HCl (A) | niin | (B) HCl (A) | choline (B) 
HCl: P| ws: 
|per cent| per cent) per cent per cont| per cent per cent 

a 1 18.2; 9.0 9.6 | 52.0 
ae 2 15.9 | 20.5 8.6 | 57.0 
EE, sass 3 11.7 | 41.5 7.8 | 61.0 

a 4 12.6 | 37.0 | 0.55 | 45 6.9 | 65.5 | 0.33 | 67 

ee 6 15.2 | 24.0 | 0.71 29 8.8 | 56.0 | 0.42) 58 

Chicken...... 16.2 | 19.0 | 0.75 | 25 | 14.3 23.5 0.68 | 32 
Human....... 1 15.5 | 22.5 8.9 | 55.5 
ae 2 13.9 | 30.5 7.5 | 62.5 

> 3 15.3 | 23.5 | 0.62 | 38 8.3 | 58.5 | 0.37 | 63 

ae 4 11.9 | 40.5 | 0.46) 5&4 9.4 | 53.0 | 0.41 59 
Hemophilia..| 1 18.3 | 8.5 10.1 | 49.5 
a val bie 14.8 | 26.0 7.9 | 60.5 

Hemolytic 

icterus..... 16.6 | 17.0 | 0.75 | 25 9.4 | 53.0 | 0.42| 58 

Lipemia...... 1 17.7 | 11.5 | 1.01 0 8.4 | 58.0 | 0.40) 60 

BN iin Saies 2* | 18.6 | 7.0 | 0.85 15 9.4 | 53.0 | 0.51 49 

ee 3t | 17.2 | 14.0| 0.77) 2 6.4 | 68.0 | 0.30 | 70 
































* From the same subject after 3 days on a low fat diet. 
t From the same subject after 3 days on a high fat diet. 


were 1:1, there would be present 100 per cent lecithin and 
sphingomyelin, and no cephalin. If the ratio were 0.8:1, there 
would be 80 per cent lecithin and sphingomyelin and 20 per cent 
cephalin, etc. 

The determination of the phospholipid phosphorus requires 
very little additional material and was carried out by the gaso- 
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metric method of Kirk (18) where sufficient sample was available 
(Tables I and II). The choline content of the phospholipids of 
plasma and erythrocytes with the cephalin content calculated 
therefrom, together with a comparison of the cephalin calculated 
from the ratio of equivalents of choline to equivalents of phos- 
phorus, is presented in Table I. The cephalin values, caleu- 


TABLE II 


Cephalin Content of Stroma Phospholipid Calculated from Percentage 
Choline (A) and from Ratio of Choline to Phosphorus (B) 





— ; Ratio of : 
Stroma sample | Sample No. | Choline | Cephalin | equivelents, | Cophalin 
HCI: P 
per cent per cent per cent 
Beef 2 9.1 54.5 | 0.49 51 
5 10.1 50.0 | 044 | 56 
19 8.3 58.5 0.38 62 
20 6.6 67.0 0.44 
21 8.4 58.0 | 
23 8.2 59.0 
24 10.2 49.0 0.53 47 
29 8.7 56.5 0.44 56 
2 30 8.5 57.5 0.33 67 
31 9.1 54.5 0.40 60 
Sheep 8 76 | 62.0 0.37 63 
9 10.2 499.0 | 0.49 51 
11 7.5 62.5 | 0.35 65 
12 8.0 60.0 | 
26 so iam 52.5 0.44 56 
Human 25 5.1 74.5 0.24 76 
32 10.3 48.5 0.47 53 
Horse 22 9.4 53.0 0.64 36 
Chicken 35 14.6 27.0 0.53 47 
Turkey 33 11.9 40.5 0.46 54 


lated by the two methods, are in much better agreement in the 
erythrocytes than in the plasma. The percentage content of 
cephalin in the phospholipids of the plasma is in most cases less 
than 50 per cent and in some instances less than 10 per cent. 
The cephalin content of the phospholipids of the erythrocytes is 
over 50 per cent with the exception of the avian cells. Moreover, 
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the erythrocyte phospholipids appear to have a more constant 
and uniform content of cephalin than those of the plasma. 

Similarly, Table II gives values for the phospholipids of various 
samples of erythrocyte stroma. In most cases there is very close 
agreement between the cephalin values calculated by the two 
methods. The percentage of cephalin in the stroma phospholipid 
is comparable to that found in the phospholipids of the erythro- 
cytes and varies within a small range. 

It appears that, with the exception of avian blood, the major 
portion of the phospholipids of the erythrocytes and red blood 
cell stroma is cephalin; whereas in the plasma it is the minor 
fraction of the phospholipids. This is in agreement with the view 
(1) that cephalin functions mainly as a structural phospholipid 
and lecithin functions in great part as a metabolic phospholipid. 


SUMMARY 


A method is proposed whereby the cephalin content of small 
quantities of blood and tissue phospholipids can be calculated 
from the determination of the choline and phosphorus present. 

In a series of normal and pathological blood samples the ceph- 
alin content of the plasma phospholipids, calculated from the 
percentage choline content, averaged 22 per cent within the range 
of 7 to 41.5 per cent. The cephalin content, calculated from the 
ratio between the equivalents of choline and phosphorus, averaged 
28 per cent within the range 0 to 54 per cent. 

From the same samples the corresponding values for the eryth- 
rocytes were an average of 56 per cent within a range of 28.5 
to 68 per cent, and an average of 57 per cent within a range of 
32 to 70 per cent. 

The cephalin content of phospholipids in red blood cell stromata 
prepared from various species, calculated from the percentage 
choline content, averaged 55 per cent within the range 27 to 74.5 
per cent; calculated from the ratio between the equivalents of 
choline and phosphorus, averaged 56 per cent within the range of 
36 to 76 per cent. 

The phospholipid, cephalin, appears to be a minor component 
of plasma but a major component of the intact erythrocytes and 
red blood cell stroma. This conclusion may be taken to demon- 
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strate the importance of cephalin as a structural type of phos- 
pholipid. 
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ISOLATION OF CREATININE FROM SERUM 
ULTRAFILTRATES* 


By OLIVER HENRY GAEBLER anp LYNN DeFORREST 
ABBOTT, Jr. 


(From the Department of Laboratories, Henry Ford Hospital, Detroit) 


(Received for publication, December 7, 1937) 


In earlier studies (1, 2) it was shown that creatinine originating 
from a source other than creatine could be isolated from normal 
beef and dog blood. Its origin from the preformed chromogenic 
substance of the whole blood filtrates could, however, not be 
proved; in fact there were definite indications to the contrary (2). 
From the blood of dogs and human subjects in nephritis and other 
types of retention, large amounts of creatinine were isolated, and 
its origin from the substance usually determined as creatinine 
was quite evident. 

Direct precipitation of apparent creatinine from an ultrafiltrate 
of normal serum would seem to be the least involved method of 
obtaining the substance or its chromogenic constituent for 
chemical study. One of us found that this occurred if the ultra- 
filtrates were refrigerated after addition of suitable amounts of 
picric acid and rubidium chloride. Further experiments indi- 
cated that the chromogenic substance which precipitated origi- 
nated from the preformed chromogenic substance of the ultrafil- 
trates, not from creatine or some other non-chromogenic substance 
(3). In the present study we have prepared picrate precipitates 
in adequate amounts from sera of several species, and decomposed 
them at room temperature with normal hydrochloric acid. By 
removing picric acid with ether, solutions of the chromogenic 
substance were obtained which had neither been heated nor sub- 
mitted to other drastic procedures, although considerable time 
was involved owing to the scale of operation. The compound 

*A preliminary report of our findings was made at the Thirty-first 
annual meeting of the American Society of Biological Chemists, at Mem- 
phis, April 22, 1937 (J. Biol. Chem., 119, p. xxxvi (1937)). 
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present in these solutions gave the same creatinine value whether 
the picrate or the dinitrobenzoate method of analysis was used, 
We then prepared characteristic derivatives of creatinine from 
it and analyzed them. Throughout the procedure tests were 
carried out to show that no creatinine appeared from creatine or 
substances simulating it. The picrate precipitate, like that from 
urine (4), is complex, but the substances present are not very 
troublesome. 


EXPERIMENTAL 
Isolation of Creatinine from Ultrafiltrates 


Fresh blood was collected in 250 cc. centrifuge bottles, where 
it was allowed to clot. The serum was obtained from 1 to 4 
hours after the animals were bled. Utrafiltrates were prepared 
at the rate of 100 cc. per hour by the method previously de- 
scribed (3). Four lots of picrate precipitate—two from beef 
serum and two from pig serum—were prepared. Details con- 
cerning Lot 1 are shown in Table I. 

Precipitation—To each 100 cc. of ultrafiltrate from beef serum 
we added 1.7 gm. of picric acid, stirred to solution, and with 
rapid stirring added 0.3 cc. of 10 per cent rubidium chloride. 
After 1 day of refrigeration at 5° a small, pale yellow, non-chromo- 
genic precipitate had appeared. The chromogenic precipitate 
appeared on succeeding days. Ultrafiltrates of pig serum or dog 
serum yielded neither of these precipitates for many days when they 
were treated in an identical manner, a difficulty not encountered 
in precipitating added creatinine (3). One of our lots of picrate 
precipitate from ultrafiltrates of pig serum was prepared by add- 
ing to each 100 cc. of ultrafiltrate 2 cc. of a lithium carbonate 
solution containing 1 mg. of uric acid per cc., then proceeding 
exactly as with ultrafiltrates of beef serum. This modification 
was based upon the fact that uric acid proved to be a noteworthy 
constituent of the precipitates from beef serum ultrafiltrates. 
The other lot was prepared by the less desirable modification of 
doubling the quantity of rubidium chloride. A large excess of 
rubidium picrate precipitated, and made decomposition of this 
lot a tedious procedure. 

Collection—As soon as precipitation had reached profitable 
limits, each lot of ultrafiltrate was filtered, at room temperature, 
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through a Jena sintered glass filter tube. As shown in Table I, 
ultrafiltrates of beef serum were usually refrigerated 4 to 5 days 
after addition of picric acid and rubidium chloride; those of pig 
serum required 8 to 10 days for the precipitation despite the modi- 
fications already mentioned. Successive lots of precipitate were 
collected in the same Jena glass filter tube until the desired quan- 
tity from each source was at hand. The weight of these precipi- 
tates, after being washed with alcohol-ether mixture and dried 


TABLE | 
Details of Preparing, from Beef Serum Ulirafilirates, Picrate Precipitate 


| Creatinine content Time 








os yaad Date Volume | Rafese After : con vs a 
precipita- | precipita- (calculated) precipitation 
tion tion 
| 1936 ce. 100 od 100 oy mg. days 
1 Sept. 11 640 | 2.21 0.72 9.48 3 
2 “ 18 190 2.15 0.80 2.53 3 
aa. * 190 2.35 0.92 2.63 4 
4 | “ 19) 266 | 220 | 1.22 | 2.53 5 
5 “19 130 1.75 0.52 | 1.55 4 
6 “ 2% 365 2.12 0.72 5.08 4 
7 7 264 2.07 0.75 3.43 4 
8 “ B 232 2.15 0.70 3.31 5 
9 “ 8B 212 2.25 0.72 3.15 5 
10 Oct. 3 78 1.87 0.70 2.04 7 
2667 35.73 
Average 2.11 0.78 | 4.4 


* Corrected for samples withdrawn for analysis. 


in vacuo, was 430 and 443 mg. in the case of Lots 1 and 3 respec- 
tively. Lot 4, prepared by doubling the amount of rubidium 
chloride, weighed 2.850 gm. 

Decomposition—Lot 1 of picrate from beef serum was dissolved 
in hot water. Picric acid was then removed with ether after 
slight acidification. The Lots 2, 3, and 4 were all decom- 
posed at room temperature by allowing N hydrochloric acid to 
percolate through the filter tube without suction. Successive 











122 Creatinine in Serum 


10 cc. and finally 5 ce. portions of the acid were used, 50 to 60 
ec. being required for complete extraction. The amounts of 
creatinine extracted in this way compared well with estimates 
based on determinations before and after precipitation, as shown 
in Table II. This confirms the view that the creatinine was 
derived from the preformed chromogenic substance of the ultra 
filtrates. Picric acid was removed by repeated extraction with 
ether, the latter in turn by aerating and applying a vacuum, 
Some unfortunate losses occurred at this point. 


Taste IT 
Amount of Creatinine Obtained by Decomposing Four Lots of Picrate 
Precipitate; Also Agreement of Picrate and Dinitrobenzoate Methods 
of Analysis 





Creatinine content 


Stage of isolation and method of analysis 1” eas 2 = . 
Lot 1, beef | Lot 2, beef| Lot 3, pig | Lot 4, pig 








| serum | serum | serum serum 
mg. | mg. mg. mg. 
Picrate ppt., estimated by picrate | 
method as in Table I............ 34.8 37.8 | 41.8 40.4 
n HCl extract of picrate ppt.; pi- | | | 
crate method......... 33.8 | 35.5 | 40.4 | 38.4 
n HCl extract after remov al of 
picric acid; picrate method......| 27.4 25.3 | 31.7 | 35.2 
Same solution; dinitrobenzoate | | 
25.4 | 31.7 | 36.1 


ET SP 27.0 








Analysis by Picrate and Dinitrobenzoate Methods—Since the solu- 
tions contained 0.5 nig. of creatinine per cc., or even more, we 
used the 3,5-dinitrobenzoate method for urine, as described by 
Benedict and Behre (5). A suitable creatinine standard and 0.5 
ec. of the hydrochloric acid solution were both neutralized with 
sodium hydroxide. The volume in each tube was made to 2 ee. 
with water. 3 cc. of a 1 per cent alcoholic solution of 3,5-dinitro- 
benzoic acid and 1 ec. of 6 per cent sodium hydroxide were added. 
10 to 12 minutes later the solutions were diluted with 10 ce. of 
distilled water. Within 8 minutes thereafter colorimetric com- 
parison was made. Excellent agreement with analyses made 
by the picrate method is shown in Table II. 

Conversion to Creatinine Zine Chloride and Creatinine Potassium 
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Picrate—After evaporating the hydrochloric acid solutions to 
dryness on a water bath, we extracted creatinine hydrochloride 
with absolute alcohol. Tests of the extracts and the alcohol- 
insoluble residue showed that no creatinine was formed during 
evaporation and that extraction was complete. The alcohol 
solutions were evaporated, and the creatinine was converted to 
the zinc chloride in exactly the manner described in an earlier 
paper (1). The recoveries were 91.4, 94.5, 95.4, and 92.0 per 
cent in Lots 1 to 4. The crystals formed on the walls of the 
tube like creatinine zinc chloride, and were microscopically iden- 
tical with it. But an amorphous precipitate which contained 
nitrogen was also present; consequently purification was effected 


TasB_e III 


Analyses of Creatinine Potassium Picrate Obtained from Beef and Pig 
_ Serum Ultrafilirates 





Lot No. and source | 








of picrate Weight of sample | Creatinine content 
| mg. mg. woo oa 
1. Beef | 8.693 | 1.616 | 18.59 
-* | 9.327 | 1.698 | 18.20 
3. Pig | 9.766 | 1.804 | 18.47 
4.“ | 8.591 | 1.581 | 18.40 
Average......... | 18.41 





by dissolving the entire precipitate in hot 1.2 per cent picric acid 
and precipitating creatinine as the double picrate by adding po- 
tassium chloride and cooling the solution. The losses are almost 
negligible if the excess of potassium (1) is properly regulated. 
After at least three recrystallizations the double picrates were 
dried and analyzed. 

Analysis of Double Picrates—The technique used in the first 
isolations (1) was again employed, with this refinement, that the 
samples of picrate were weighed with a microchemical balance! 
sensitive to 0.001 mg. The weighed samples were dissolved in 
hot 1.2 per cent picric acid, transferred, and made up to 100 ce. 
with the same solvent. Each solution and two dilutions of it 


'We are indebted to the Chemistry Department of Wayne University 
for the use of their microchemical balance. 
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were analyzed for creatinine by the picrate method. In each 
determination six readings were taken at 15 mm. and six at 29 
mm. depth. The average results are recorded in Table IIL 
The theoretical creatinine content of creatinine potassium picrate 
is 18.58 per cent. 

Approximately 40 mg. lots of the double picrates were decom- 
posed with hydrochloric acid and ether. The solutions were then 
analyzed for creatinine by the picrate and the dinitrobenzoate 
methods, and for nitrogen by digestion with sulfuric acid, sodium 
sulfate, and copper sulfate, followed by distillation with sodium 
hydroxide and titration of the ammonia with 0.01 N acid and 


TaBLe IV 


Analyses of Picrate-Free Solution Obtained by Decomposing Isolated 
Creatinine Potassium Picrate 








Creatinine content of 2 cc. Nitrogen content of 2 ce. 
Lot No. and : e in ——— 
ae Picrate method a Amount pat. 7 
” : 8: mg. mg. mg. : ee 
1. Beef 1.75 1.74 0.654 0.374 
AI a 1.79 1.80 0.667 0.372 
3. Pig 1.78 1.76 0.640 0.362 
- 1.40 1.40 0.528 0.377 


é. 





alkali. Duplicates agreed to within 0.01 mg. of nitrogen. The 
amount of nitrogen per mg. of creatinine (the latter determined 
colorimetrically) was near the theoretical value of 0.372 mg., 
as shown in the last column of Table IV. 


Other Components of the Picrate Precipitate 


Uric Acid—Lot 1 of picrate from beef serum ultrafiltrates, as 
stated above, was dissolved in hot water. On cooling, a yellow 
precipitate formed which redissolved on heating, but a white 
crystalline substance remained. This was washed and weighed 
in a sintered glass crucible. Hot phosphate solution dissolved 
26.0 mg. of the substance, leaving only a trace. The phosphate 
solution, analyzed colorimetrically by the Benedict-Franke 
method (6) contained 26.3 mg. of uric acid. Jaffe (4) also found 
uric acid in the picrate precipitate from human urine. It was 
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rather surprising that we obtained practically 1 mg. of uric acid 
per 100 cc. from ultrafiltrates of beef sera, which, according to 
evidence obtained with other types of filtrates, contain only traces 
of uric acid (7). Since we obtained no uric acid from pig serum or 
dog serum, the origin of our uric acid from the uric acid-ribose 
compound (8, 9), which is relatively abundant in the cells of beef 
blood, and of which little is present in pig blood or dog blood, ap- 
peared possible. We have not determined whether the enzymatic 
decomposition of this compound is so appreciable in the short 
time that the sera remained in contact with the clot. 

Unidentified Residues—The hydrochloric acid solutions ob- 
tained by decomposing the picrate precipitate were evaporated, 
after the removal of picric acid. Alcohol extracts of the residues 
contained about 30 per cent more nitrogen than was required for 
the creatinine present. Part of this nitrogenous material precipi- 
tated when potassium acetate was added to neutralize the hydro- 
chloride. We suspected the presence of basic amino acids, but 
tests for histidine were negative, and while the Sakaguchi reac- 
tion (10), to which arginine responds, was positive, the ninhydrin 
reaction was quite weak. The amount of material was too small 
for further study. 


DISCUSSION 


We have previously shown that a large part of the apparent 
creatinine in ultrafiltrates of human, dog, beef, and pig sera can 
be precipitated under conditions which differ greatly from those 
required for precipitation of added creatinine (3). In two species 
from which serum was available in unlimited quantities we have 
now completed the chain of evidence linking the precipitable 
fraction with creatinine. Theoretical as well as technical pur- 
poses were considered in devising the procedure, which begins 
with ultrafiltration and parallels the conventional methods of 
preparing creatinine from urine. 

Regarding the technical side, ultrafiltrates can be prepared at 
the rate of 100 cc. per hour, a fairly rapid rate if one considers 
that this volume is equivalent to much larger volumes of ordinary 
filtrates. Initial concentration of filtrates, the use of adsorbents, 
or the introduction of mercury salts and hydrogen sulfide was 
avoided. Every solution or precipitate could be tested with al- 
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kaline picrate, so that the compound could be traced completely, 
At an early stage in the procedure the compound gave the same 
creatinine value by the dinitrobenzoate method as by the least 
specific of the picrate methods,’ indicating the absence of sub- 
stances yielding extraneous color. The liabilities of the procedure 
are clearly too great to permit the conclusion that the creatinine 
which was isolated must have been present as such in the ultra- 
filtrate, but there was no doubt concerning its origin from part 
of the apparent creatinine determined in the ultrafiltrates. 

The very significant studies of Miller and Dubos (14) appeared 
in preliminary form while our study was in progress, and the 
details have just been published. These authors reach the con- 
clusion that creatinine is present as such in human blood, the 
plasma containing about 1 mg. per 100 cc. While a compar- 
tive study has not been made, we anticipate that the fraction of 
the apparent creatinine which they destroy with their enzyme is 
the same as that which we precipitate. 

The work of Goudsmit (15), on dogs under anesthesia, has 
supplied the essential evidence that the kidney removes signif- 
cant amounts of the chromogenic substance present in blood. 
Without such evidence the presence of creatinine itself in blood 
would be of no significance from the standpoint of explaining its 
excretion. We have not been successful in carrying out our en- 
tire isolation procedure in the case of the dog, as we had hoped to 
do, in order to complete the evidence linking “‘chromogenic sub- 
stance’”’ with urinary creatinine in the same species. 

The extraordinary difficulty of precipitating apparent cre- 
atinine, which was none the less ultrafiltrable, naturally led us 
to consider whether we were not dealing with creatinine in labile 
combination with another substance separated from it in our 
procedure, and possibly reabsorbed by the renal tubule. We 
have no final evidence on this point. The difficulty varies with 


2 The method was based on the original one of Folin (11). The standard 
and unknown solutions both contained 1.2 per cent of picric acid, and 
0.5 ec. of 10 per cent sodium hydroxide was added to 10 cc. of each solution. 
In the later procedure of Folin and Wu (12) the picrate concentration is 
greatly reduced, and in the last modification Folin (13) reduced both the 
picrate and the alkali concentrations. For detection of substances simu- 
lating creatinine the least specific method is the method of choice. 
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the species. Although the average yield of creatinine from pig 
serum was almost identical with the yield from beef serum, the 
problem of precipitation was far greater. The addition of uric 
acid solved the technical problem fairly well in this case, but with 
dog serum various additions were made without success in devis- 
ing a large scale procedure that was dependable enough for iso- 
lation work. We have as yet no explanation of these peculiarities. 
They are not encountered in precipitating added creatinine; hence 
we could not disregard them. 

The amounts of creatinine which we isolated were quite signifi- 
cant. The initial picrate precipitates from twenty-one beef 
serum ultrafiltrates used in the present study contained the 
equivalent of 1.36 mg. of creatinine per 100 cc.; the average yield 
from thirty-two ultrafiltrates of pig serum was 1.28 mg. per 100 
ec. About 77 per cent of these amounts (Table II) was still 
present when the comparison between picrate and dinitrobenzoate 
methods of analysis was made, some mechanical losses having 
occurred. 

Linneweh (16) isolated and identified creatinine from beef blood 
by a modification of the Lloyd’s reagent procedure described by 
one of us (2). In discussing the work of Gaebler and Keltch (1) 
he evidently overlooked the fact that experiments with added 
creatine were carried out, and that determinations were made 
before and after every procedure that might convert creatine to 
creatinine. Concerning identification, Linneweh remarks that 
betaine also gives a zinc chloride derivative. Gaebler and Keltch, 
however, isolated creatinine as creatinine potassium picrate, and 
analyzed this for colorimetric creatinine content per unit of weight 
and for non-picrate nitrogen in a colorimetrically determined 
sample. The compound was then converted to the zinc chloride 
derivative, and the nitrogen analyses repeated. Betaine and 
many other compounds fail in the first place to give a creatinine 
reaction by the method that was used. In the present study 
we have made the colorimetric analyses by two different methods. 

Recently Zacherl (17) has reported isolations of both creatinine 
and creatine (after conversion to creatinine) from beef serum. 
Both Zacherl and Linneweh identified the creatinine derivatives 
which they isolated by elementary analysis. They conclude that 
the creatinine which was isolated was present in the blood as 
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such—not, however, on the basis of procedures less open to 
possible objection than those which we have employed. 


SUMMARY 


1. A large part of the apparent creatinine determined in beef 
and pig serum ultrafiltrates by a picrate method similar to Folin’s 
original procedure can be isolated as creatinine. The average 
yield of creatinine was about 1 mg. per 100 cc. of ultrafiltrate in 
each of the two species. 

2. Uric acid was found in the picrate precipitate from ultra- 
filtrates of beef serum; other nitrogenous substances were present 
in precipitates from the ultrafiltrates of beef and pig sera. 

3. The difficulty of precipitating apparent creatinine from 
serum ultrafiltrates varies with the species, increasing progres- 
sively as beef, pig, and dog sera are used. 

4. In connection with the observed differences between ap- 
parent creatinine and added creatinine in ultrafiltrates, only 
labile, and as yet unknown, creatinine compounds are considered. 
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OBSERVATIONS ON THE ALLEGED PRESENCE OF 
LIPID CHLORINE IN THE BLOOD 
AND TISSUES 
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(From the Laboratory of Biochemistry, Department of Chemistry, Purdue 
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(Received for publication, November 15, 1937) 


The assumption that all of the chlorine of the body is inorganic 
has been challenged at times (Hanke and Donovan, 1927; Morris 
and Morris, 1930; Peters and Man, 1934). Interference by lipids 
in the determination of chlorides has been recognized as a possible 
explanation of such results (Hanke, 1931; Sunderman and Wil- 
liams, 1931; Drevon, 1935). However, Peters and Man showed 
that chlorine soluble in petroleum ether could be obtained by ex- 
traction of serum with a mixture of aleohol and ether. They were 
not able to extract chlorine directly with petroleum ether. We 
ean find no reports of the direct extraction of chlorine from tissues 
by petroleum ether (cf. Cameron and Walton (1928)) nor by 
diethyl ether (cf. Hogartz (1931)). 

Observations made while studying the metabolism of bromi- 
nated lipids suggested to us that an explanation of the contradic- 
tory nature of these findings lay in the methods employed in 
extraction of the lipid fractions found to contain chloride. A 
portion of the bromine administered to an animal, or added as 
sodium bromide to solutions during extraction, could be recovered 
in the phospholipid fraction of the lipid extracts. Furthermore, 
analysis of such fractions has revealed the presence of chlorine 
(Tables I and II). The method of extraction is one commonly 
used, similar to that of Peters and Man: several extractions by 
warm alcohol-ether (Bloor), evaporation of this solution to dryness 
in vacuo, and extraction of the residue with petroleum ether. The 
report of lipid chlorine in the tissues might be explained by the 
assumption that chloride is bound by lipoid material during or 
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after the evaporation of the alcohol-ether extract, thereby becom- 
ing soluble in petroleum ether. We use the term binding to repre- 
sent the observed association of halides with the lipids, with no 
implication as to the mechanism causing it. 

It is readily shown that the chlorine present in the petroleum 
ether solutions obtained following the alcohol-ether extraction of 
several tissues is substantially all in the acetone-precipitable 
fraction (Table 1). This is true also of the lipid chlorine of human 
blood (Table II). The chlorine content of these tissue extracts is 
increased by addition of sodium chloride to the alcohol-ether 
solutions preceding evaporation (Tables I and II). 


Taste [| 
Lipid Chlorine of Several Tissues 








Source of lipid extract | Total a 
mg. mg. 
DT. icc csacebewedes sveees 7.75 7.13 
Same, in presence of 1 gm. NaCl*.............. 50.0 49.0 
ls ete Rdeenan cin dias seerenee pease 8.3 8.2 
Blood of Cat 3, per 100 ml...................... §.1 4.7 
cas cuucdueenees 3.5 3.3 











* The chlorine content is calculated on the basis of the lipids of the 
entire brain. The experiment was carried out with aliquot amounts of 


extract and NaCl. 


In order to refer the chloride binding to substances characterized 
better, lecithin and cephalin were isolated in fairly pure states. 
Lecithin was prepared from egg yolk by use of the cadmium chlo- 
ride complex by the method of Levene and Rolf, as modified by 
Maltaner, and as given by Morrow and Sandstrom (1935). This 
product contained no detectable amount of cephalin but approxi- 
mately 0.05 per cent of chlorine. Cephalin, prepared from calf 
brain according to the extraction method of Renall (1913) followed 
by numerous precipitations by alcchol and by acetone from petro- 
leum ether solutions, was practically free from chlorine. When 
these preparations were introduced into alcohol-ether mixtures to 
which varying amounts of sodium chloride had been added (100 ml. 
of alcohol-ether plus 5 ml. of water containing the sodium chloride) 
with the usual evaporation in vacuo, extraction into petroleum 
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ether, and thorough centrifugation, amounts of chlorine were 
found present varying from 1.0 to 1.8 per cent of the lecithin and 
from 3 to 5 per cent of the cephalin used. In no case did cephalin 
bind more than 5 per cent of chlorine, which represents, approxi- 
mately, 1 atom of chlorine per molecule. With the blood of five 
cats we found respectively 5.0, 4.0, 7.4, 5.1, and 3.5 mg. of lipid 
chlorine per 100 ml., amounts not too large to be bound by the 
phospholipids. Calculations, however, from values of Peters and 
Man for lipid chlorine and lipoid phosphorus reveal that in normal 
serum the lipid chlorine was as high as 8 per cent and in that of 




















Tas_e II 
Lipid Chlorine in Human Blood 
: i | 
Fraction 1, Praction 2, soluble is ’ oat 
Subject Total | prve | wl soluble in acetone and yn oh Totalt 
| acetone | *°¢tone. | petroleum jo. water 
ether emulsion | 
> owe | om - our teat mg. per cent mg. per al a 
G. D. 15.1 4.2 13.2 1.9 
H. C. 26.4 7.4 23.8 2.6 
22.2 6.3 20.3 1.9 0.4 
F. 8. 17.4 4.9 16.3 FS 0.2 
P. W. 28 .6 8.0 27.0 16 0.2 1.0 
E. N. 22.5 6.3 19.9 2.6 1.6 34.8 
0.8 33.4 


























* Chlorine of precipitate obtained by adding acetone to water suspension 
of the acetone-precipitable fraction. 

t 150 mg. of NaCl were added to the alcohol-ether-blood mixture during 
extraction. 


pathological cases as high as 12 per cent of the phospholipids. 
As it seemed surprising that the phospholipids could bind this 
quantity of chlorine, the lipid chlorine of the whole blood of a 
number of normal individuals was determined. 

5 ml. samples of freshly drawn blood were sprayed into solu- 
tions of 100 ml. of 95 per cent ethyl alcohol and 30 ml. of diethyl 
ether. These were warmed to boiling with rotation and filtered. 
The residues were reextracted with 30 ml. portions of hot alcohol. 
These solutions were evaporated to dryness and taken up in petro- 
leum ether and centrifuged clear. The results for whole blood in 
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Table II agree with those of Peters and Man for whole blood and 
serum of normal individuals. About 90 per cent of the chlorine 
remained in the fraction (Fraction 1) precipitated by acetone. 
That the chlorine left in the acetone solution was no longer so 
soluble in petroleum ether was shown by evaporating the acetone 
solution to dryness in vacuo and extracting the residue into petro- 
leum ether, which was then centrifuged over a drop of water. 
This petroleum ether solution (Fraction 3) was practically free of 
chlorine. When the acetone precipitate of the extract of 5 ml. of 
blood was emulsified with 1 ml. of water by rubbing in a small 
mortar, and 0.5 ml. of acetone was added with stirring, the princi- 
pal portion of the phospholipids was obtained as a precipitate 
that formed gradually and could be centrifuged down. This pre- 
cipitate contained little chlorine (Fraction 4), the major part 
remaining in the aqueous solution. 

It was noted that when a solution of cephalin in petroleum ether 
was shaken with sodium iodide, qualitative tests showed the pres- 
ence of much iodine in the petroleum ether layer (centrifuged 
clear). With sodium iodide, lecithin in petroleum ether yielded 
a gelatinous precipitate, and qualitative tests showed iodine in 
both precipitate and solution. Pure petroleum ether does not 
take up enough sodium iodide to give qualitative tests. These 
observations suggested a comparison of the binding of the three 
halides by cephalin and lecithin in petroleum ether solutions. 

An excess, 0.50 gm., of sodium chloride and equivalent quantities 
of the bromide and iodide were shaken mechanically 24 hours in 
an atmosphere of nitrogen with 80 ml. portions of petroleum ether 
containing a known amount of phospholipid. The solutions were 
made to 100 ml. after centrifugation and aliquots taken for analysis 
(Table III). We can indicate the relative amounts of the halogens 
bound by cephalin as follows: iodide > bromide > chloride; and by 
lecithin: bromide>chloride. Iodide was not used with lecithin 
because of the formation of a precipitate. Whereas practically 
equivalent amounts of sodium and chlorine were bound, this was 
not the case with sodium and bromine, nor with sodium and iodine. 
As the presence of moisture might be responsible for this difference, 
undried c.p. halides having been used, a sample of completely 
dried sodium bromide was tried. Sodium and bromine were then 
present in practically equivalent though smaller amounts. When 
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petroleum ether saturated at 0° with ammonia was used as the 
solvent, the amount of sodium found became less than the amount 
of halide (Solutions 11 to 14). Apparently the ammonia displaced 
a portion of the sodium. The amounts of sodium bound in Solu- 
tions 3, 4, and 6 represent about 1 atom per molecule of cephalin. 


Tasie IIT 
Comparison of Binding of Ions by Lecithin and Cephalin 





Taken for experiment Found in petroleum ether 


Solution solution 
ey Phospholipid® Halide Sodium | Halogen | Halogen 
mg. | gm. | m.-eq. | m.-eq. | per cent 
1 | 310 | Cephalin | 0.50 | NaCl | 0.099 | 0.105 | 1.23 
2 | 310 ' | 0.50; “ 0.083 | 0.077 | 0.87 
3 310 | < 0.88 | NaBr = 0.43 _:~—|s «0.24 | 6.2 
4 | 310 | a“ | 0.88 “ 0.39 {0.19 | 4.9 
5 | 310 a | 1.28 | Nal 0.62 | 25.0 
6 | 310 ss 12); « 0.38 | 0.66 | 27.0 
7 | 270 | Lecithin 0.50 | NaCl | | — (0.06t 
8 | 270 “ (0.50)  0.06t 
9 | 270 “ 0.88 | NaBr  (1.04t 
10 | 270 ee. oss}; “ | | 0.94t 
11 | 200Ca. | Cephalint | 0.88 “ (0.17 | 0.24 | 
mB | 20 * | “ ¢gi/oe; * 0.17 | 0.20 
13 | 200 “ “ ¢ | 1.28 | Nal |0.048/0.41 | 
4 | 200 “ “  ¢ | 1.28 « 0.048 | 0.41 | 
15 | 128 “ 0.88 | NaBr$ | 0.050 | 0.047 | 2.9 
16 | 128 a“ 0.88 “ § | 0.045 | 0.044 | 2.7 
17 | 256 a 0.88 “ 6 | 0.107 | 0.107 | 3.3 
18 | 256 ee 0.88 | “ § | 0.116) 0.114) 3.6 





* Dissolved in 80 ml. of petroleum ether. After being shaken with 
halide, the solution was made to 100 ml. 

t 0.05 per cent chlorine present in lecithin was deducted. 

{ Petroleum ether, saturated with NH;, was used as solvent. 

§ Dried. 


lodide was the only ion bound in amounts larger than this. This 
is not explained. 

Chlorine and the other halogens have been determined by Hald’s 
modification of Patterson’s microprocedure (1933). Sodium has 
been determined by Kramer and Gittleman’s pyroantimonate pro- 
cedure as modified by Eisenman and as given by Peters and Van 
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Slyke (1932). Petroleum ether (30-60°) has been purified by 
repeated washing with sulfuric acid and redistillation. Acetone 
has been dried by distillation from calcium chloride. 


DISCUSSION 


While we have been able to confirm the observations of Peters 
and Man that the petroleum ether extract of the residue left 
after the evaporation of the alcohol-ether extract of blood con- 
tains chloride, we feel that we have evidence that much or all 
of this lipid chlorine may be artifactual, being bound by phospho- 
lipid (¢.e. acetone-precipitable) material during manipulation. 
The amount of lipid chlorine is increased by the presence of added 
inorganic chloride. Lecithin and cephalin combine with halides 
under the conditions of the extractions and when shaken with 
them in petroleum ether. Much chloride accompanies the mate- 
rial precipitated by acetone from petroleum ether, but little, 
that from water. The binding of the halides is presumably 
referable to the amphoteric nature of the phospholipids and their 
conceivable existence as zwitter ions. The amount of chloride 
associated with the lipids of human blood under the conditions 
used is apparently greater than can be attributed to lecithin and 
cephalin. More information concerning the nature of the lipids 
of human blood insoluble in acetone is necessary before their 
participation in the binding of chloride can be explained and 
evaluated. 

We feel that for unquestioned demonstration of the presence 
of lipid chlorine in the blood or tissues interference by other 
lipids in the manner here shown must be ruled out. Furthermore, 
the appearance of halides in phospholipids after the administra- 
tion of halogenated fatty acids cannot be taken as conclusive evi- 
dence of the incorporation of the substituted fatty acid in the 
phosphatides, as liberated inorganic halide may be carried by the 
lipid. It is interesting to note that Phillips, Halpin, and Hart 
(1935) have reported that most of the fluoride present in egg yolk 
is associated with the acetone-insoluble lipids following an alcohol 


extraction. 


SUMMARY 


The presence of chlorine in petroleum ether extracts of the 
material extractable from blood by a mixture of alcohol and ether, 
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as reported by Peters and Man, has been confirmed, and chlorine 
has been shown to be present in similar extracts of other tissues. 
Evidence is presented suggesting that this may be largely if not 
entirely artifactual, resulting from binding or entrainment of the 
halide during manipulation. 
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THE ISOLATION AND IDENTIFICATION OF THE 
ANTI-BLACK TONGUE FACTOR* 
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D. W. WOOLLEY 


(From the Department of Agricultural Chemistry, University of 
Wisconsin, Madison) 


(Received for publication, December 9, 1937) 


The preparation of concentrates of the antipellagra vitamin 
which were active in the prevention of pellagra-like symptoms in 
chicks and the cure of black tongue in dogs was described previ- 
ously (1). In this paper we wish to report additional work on 
the purification of the vitamin which led to the demonstration of 
the activity of nicotinic acid and nicotinic acid amide in the cure 
of canine black tongue. 


EXPERIMENTAL 


Dogs have been used exclusively for assay purposes. Several 
different breeds have been used but in each case the animals were 
brought to the laboratory shortly after weaning. They were 
given a complete diet for about 2 weeks, during which time they 
were kept under observation, and were then placed on the modi- 
fied Goldberger diet' described previously (1). Of the entire 
group, two have been adult dogs, but the time required to produce 
black tongue in the older animals makes them rather unsatis- 
factory for this work. In order to reduce the loss of dogs to a 
minimum, the animals were used for the assays before severe 


*Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Supported in part by grants from the Wisconsin Alumni Research 
Foundation. 

A preliminary report of this work has been published (J. Am. Chem. 
Soc., 69, 1767 (1937)). 

‘The casein was purified by washing crude casein with water eight times 
and then dissolving in ammonia and precipitating with hydrochloric acid. 
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symptoms developed. However, in every case, the supplement 
was not given until the dog showed drastic loss of weight and 
the early but definite symptoms of black tongue. Usually the 
animal refused its food for at least 2 days before the test material 
was administered. Many of the dogs were used for several 
assays. In each case the dog was continued on the basal ration 
until typical symptoms reappeared, at which time a new supple- 
ment was given. The extent of the growth response and the time 
required for the symptoms to reappear gave a fair indication of 
the quantitative potency of the material tested. 

In our previous studies the purification had been carried 
through a final charcoal clarification step. Since the majority 
of the activity was recovered in the charcoal filtrate, it was con- 
cluded that the vitamin was not adsorbed on charcoal. It was 
planned, therefore, to continue to use this procedure for the 
preparation of relatively large amounts of the concentrate for 
isolation purposes. However, our original supply of charcoal 
was exhausted and our new material consisted of norit A (Pfan- 
stiehl). When the activated norit was used, the filtrate proved 
inactive in the cure of black tongue (Fig. 1, Curves 1 and 2). 
When the same procedure was repeated with a sample of crude 
vegetable charcoal, the filtrate again contained a definite amount 
of activity (Fig. 1, Curves 3 and 4). It is evident that the 
concentrate which had been treated with this charcoal was almost 
as active as the untreated material. This observation empha- 
sizes again the variable results which may be obtained with differ- 
ent samples of charcoal and that conclusions should be made only 
for the specific type used. 

The use of the activated norit was continued because it was 
hoped that the adsorption and possible elution would offer a 
means of concentration of the vitamin. The following method 
was used. An aliquot of the concentrate carried down to the 
charcoal step according to the method described previously (1) 
equivalent to 400 gm. of liver extract? and containing about 6 gm. 
of solids was diluted to 200 cc. 4 gm. of norit A were added and 
the solution made to pH 3 with HCl. The suspension was stirred 
at 85° for 5 minutes, after which the norit was filtered off. The 


2 We are indebted to Dr. C. Nielsen of Abbott Laboratories and Dr. 
David Klein of The Wilson Laboratories, who supplied generous samples 
of liver extract. 
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norit removed approximately 1 gm. of the original solids. The 
norit was fed directly to the dogs in order to determine whether 
the total activity could be recovered. The norit showed activity, 
Fig. 1, Curves 5 and 6, but did not account for the entire potency 
of the extract before adsorption. If we assume that the vitamin 
was adsorbed more or less quantitatively without destruction, 
we may conclude that the dogs were able to elute only about one- 
third of the adsorbed vitamin. 

The norit was treated with a number of reagents and combina- 
tions of reagents in an attempt to effect a quantitative removal 
of the vitamin. 4 gm. of norit carrying about 1 gm. of adsorbed 
solids equivalent to 400 gm. of liver extract were treated with 
200 cc. of a mixture containing 2 parts of acetone, 1 part of water, 
and 1 part of pyridine. The mixture was heated to boiling for 
3 minutes and the charcoal filtered off. This procedure was re- 
peated twice. The eluate was concentrated to dryness in vacuo 
and the residue dissolved in water. About one-half of the solids 
adsorbed on the charcoal was recovered in the eluate. The ac- 
tivity of this eluate is shown in Fig. 1, Curves 7 and 8. From a 
rough estimate of the potency we may conclude that the elution 
was fairly quantitative. 

Since this charcoal treatment aided materially in the removal 
of inert material and concentration of the active substance, it 
was made an additional step in our method. The following pro- 
cedure was adopted as the routine method. Solutions containing 
1 per cent solids were treated with sufficient norit A to give a 2 
per cent suspension and the mixture adjusted to pH 4.0. The 
suspension was stirred for 1 hour at room temperature, after which 
the norit was filtered off and washed with distilled water. The 
norit was then added to a sufficient quantity of a mixture of 4 
parts of methyl alcohol and 1 part of pyridine to form a 10 per 
cent suspension and the mixture was stirred for 15 minutes at 
room temperature. This procedure was repeated twice. The 
alcohol and pyridine were removed by vacuum distillation and the 
residue made up to a definite volume with water. This method 
of adsorption and elution was no more efficient than the method 
described above, but it was considerably more convenient. An 
assay of the concentrate carried through the above procedure is 
shown in Fig. 1, Curve 9. 

Certain attempts to esterify the active compound were made 
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Fic. 1. Growth responses obtained in dogs maintained on basal black tongue diet? 
when given various liver fractions. The arrow indicates the point of supplementation. 
The number in parentheses denotes the weight of the dog when the supplement was added. ' 
Curve 1, norit A filtrate fed in 10 cc. doses daily for 5 days. 1 cc. © 80 gm. of fresh 
liver. Curve 2, norit A filtrate fed in 10 cc. doses daily for 8 days. 1 cc. = 58 gma 
fresh liver. Curve 3, concentrate before treatment with a crude vegetable charcal 
fed in 10 cc. doses daily for 4 days. 1 cc. = 50 gm. of fresh liver. Curve 4, conc 
trate after treatment with a crude vegetable charcoal fed in 10 cc. doses daily for4> 
days. 1 cc. = 50 gm. of fresh liver. Curve 5, norit A with vitamin adsorbed fed in! 
gm. doses daily for 8 days. 1 gm. = 200 gm. of fresh liver. Curve 6, norit A with 
vitamin adsorbed fed in 1 gm. doses daily for 8 days. 1 gm. = 200 gm. of fresh liver. 
Curve 7, vitamin eluted from norit A with acetone, water, and pyridine fed in 10 & 
doses daily for 7 days. 1 cc. = 40 gm. of fresh liver. Curve 8, vitamin eluted from 
norit A with acetone, water, and pyridine fed in 10 cc. doses daily for 7 days. 1 cc. 24 
gm. of fresh liver. Curve 9, vitamin eluted from norit A with methyl alcohol aa, 
pyridine fed in 10 ce. doses daily for 4 days. 1 cc. © 80 gm. of fresh liver. Curr! 
10, concentrate after treatment with NaOH fed in 10 ce. doses daily for 4 days. 1.) 
= 60 gm. of fresh liver. Curve 11, concentrate extracted with acetone at pH 9.4 fedis 
10 ce. doses daily for4 days. 1 cc. = 80 gm. of fresh liver. 
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at this point. In general these experiments were unsuccessful 
and the details will not be included in this paper. However, 
this work did lead to a more complete study of the stability of 
the vitamin to alkali, since it was necessary to hydrolyze the ester 
before feeding. The stability which was observed was truly 
remarkable. It is necessary to mention only one experiment, in 
which a concentrate containing 100 mg. of solids was treated with 
50 ec. of 1 N sodium hydroxide and heated at 100° for 10 hours. 
The response obtained (Fig. 1, Curve 10) demonstrates that the 
activity is not reduced by this treatment. It was also found that 
the majority of the potency remained after refluxing a concentrate 
with 40 per cent hydrobromic acid. 

After this stability was established, we were interested in the 
possibility of changing the solubility of the vitamin or its con- 
taminants in organic solvents by forming sodium salts. At 
this stage we were fortunate in obtaining from Dr. H. W. Rhode- 
hamel of Eli Lilly and Company concentrates prepared from both 
liver and liver extract according to our original procedure, except 
that the charcoal adsorption was omitted. The availability of 
these concentrates greatly facilitated our work and we wish to 
express our appreciation to Dr. Rhodehamel for this gift. An 
aliquot of a concentrate equivalent to 17 kilos of fresh liver was 
carried through the charcoal adsorption and elution, made to 
pH 9.5 with NaOH, and evaporated to dryness. The dry ma- 
terial was extracted with a total of 100 ce. of acetone. A deter- 
mination of the solids showed that 0.8 gm. was left in the residue 
and 0.7 gm. was obtained in the extract. The activity of the 
acetone extract is shown in Fig. 1, Curve 11. It is evident from 
the response obtained and the equivalent amount fed that most 
of the activity was obtained in the acetone. This step gave no 
clear cut idea of the chemical properties of the compound but 
it did add another step which would remove about one-half of 
the total solids as inert material. 

A considerable quantity of the liver extract concentrate was 
carried through the acetone extraction step. The final prepara- 
tion gave no precipitate with alcoholic mercuric chloride or 
phosphotungstic acid. Several attempts were made to obtain 
crystals from different solvents without success. The material 
gave a negative test for sulfur and phosphorus. A nitrogen deter- 
mination on the crude dried material showed about 10 per cent N. 
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While this work was in progress other studies in our laboratory 
(Frost and Elvehjem (2)) showed that nicotinic acid had some 
growth-stimulating effects in rats reared on certain purified diets. 
Upon comparison of the properties of nicotinic acid with those 
observed for the vitamin, we decided to test nicotinic acid itself 
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Fic. 2. Growth responses obtained in dogs maintained on basal black 
tongue diet when given nicotinic acid. The arrow indicates the point of 
supplementation. The number in parentheses denotes the weight of the / 
dog when the supplement was added. Curve 1, 30 mg. of nicotinic acid 
every other day for 56 days. Curve 2, 40 mg. of synthetic nicotinic acid in 
one dose. Curve 3, 25 mg. of nicotinic acid in one dose. Curve 4, 60mg. of 
nicotinic acid in three equal doses given on 3 successive days. Curve 5, 
25 mg. of nicotinic acid in one dose. 


on dogs. A dog showing all the symptoms of black tongue was 
given a single dose of 30 mg. of nicotinic acid (Eastman Kodak 
Company) and a phenomenal response was obtained. The appe- 
tite improved in a very short time, the mouth lesions disappeared 
in less than 2 days, and the growth response was very similar 
to that obtained with active concentrates. The responses ob- 
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tained in five different dogs are shown in Fig. 2. Dog 57 was kept 
on the basal diet plus 30 mg. of nicotinic acid every other day for 
2 months, during which time the dog grew well and appeared 
normal in every way. Of the five dogs, four received commercial 
nicotinic acid, which is prepared by the oxidation of nicotine. 
Dog. 51 received nicotinic acid prepared from quinolinic acid 
merely to show that the commercial preparation did not carry 
impurities which might account for its activity. 

The concentration of the vitamin from liver was continued 
through the aid of a molecular still. An aliquot of one of the 
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Fic. 3. Growth responses obtained in dogs maintained on basal black 
tongue diet when given nicotinic acid amide and the filtrate from which the 
amide had been removed. The arrow indicates the point of supplementa- 
tion. The number in parentheses denotes the weight of the dog when the 
supplement was added. Curve 1, 108 mg. of a high vacuum distillate fed 
in one dose. 1 mg. = 20 gm. of fresh liver. Curve 2, 58 mg. of the filtrate 
after nicotinic acid amide had been removed fed in one dose. Curve 3, 
30 mg. of nicotinic acid amide in one dose. Curve 4, 50 mg. of nicotinic 
acid amide isolated from liver fed in one dose. 


concentrates obtained from Dr. Rhodehamel equivalent to 24 kilos 
of fresh liver was carried through the alkaline acetone extraction 
and 120 mg. of solids were obtained. 

The entire material was placed in a molecular still, the con- 
denser of which was cooled wth solid COs, and held at 160-165° 
and approximately 0.0001 mm. pressure for 3 hours. At the 
end of this time nearly all of the material had distilled, yielding 
a pale yellow, sticky solid. The entire distillate (108 mg.) was 
fed to a dog showing typical symptoms and an immediate response 
was obtained, Fig. 3, Curve 1. 

Another aliquot equivalent to 10 kilos of liver was carried 
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through the acetone extraction and 450 mg. of solids were ob- 
tained. The entire preparation was distilled under similar con- 
ditions and the distillate was dissolved in about 4 cc. of alcohol 
and treated with an excess of saturated alcoholic HgCl,. Almost 
immediately a white crystalline precipitate formed which was 
filtered off, washed, dissolved in dilute HCl, and decomposed 
with HS. When the resulting filtrate was concentrated to dry- 
ness, 175 mg. of long white needles were obtained. 50 mg. of 
these crystals when fed proved to be active, Fig. 3, Curve 4, 
while 58 mg. of the sirup resulting when the mercury was removed 
from the HgCl, filtrate proved to be inactive, Fig. 3, Curve 2. 
The remainder of the crystals was recrystallized from alcohol- 
benzene, and melted at 227-228° (uncorrected). When mixed 
with nicotinic acid amide hydrochloride, the melting point was 
227-228°. 
CsH,ON;:HCl. Calculated. C 45.5, H 4.45, N 17.67 
Found. ** 45.6, 45.9, H 4.9, 4.6, N 17.13, 16.97 


The free base was prepared by removing HC! with Ag,O from 
16 mg. of the hydrochloride, and was crystallized from ethyl 
acetate. It melted at 126-127°, and when mixed with nicotinic 
acid amide, at 127—127.5°. 

The chloroaurate was made by adding excess AuCl, to a solu- 
tion of 16 mg. of the hydrochloride in dilute HCl, and recrystalliz- 
ing the yellow plates which formed from dilute HCl. The melt- 
ing point was 205°, and was not changed when nicotinic acid 
amide chloroaurate was mixed with it. The compound did not 
decompose when melted. 


C.H,ON,-HAuCl,. Calculated, Au 42.6; found, Au 42.4 


It was observed that the concentrate before distillation did not 
yield precipitates with alcoholic HgCl, or with phosphotungstic 
acid, and for this reason it was at first thought that the nicotinic 
acid amide in the concentrate was not free, but that it perhaps 
was formed by decomposition during distillation of some more 
complex substance present in the concentrate. That this was not 
true, however, was shown by isolation of the amide from the con- 
centrate before distillation. 25 mg. of the alkaline acetone ex- 


* We wish to thank Mr. H. A. Campbell and Dr. K. P. Link for performing 
these analyses. 
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tract were dissolved in about 3 cc. of alcohol acidified with HCl 
and to this solution an excess of alcoholic H,PtCls was added. 
The resulting precipitate was filtered off, washed with alcohol, 
dissolved in dilute HCl, and decomposed with H,S. The filtrate 
from the PtS, was concentrated to dryness, whereupon 13 mg. of 
crystals, melting at 228°, were obtained. From these crystals a 
chloroaurate was prepared which melted at 205°. It is thus ap- 
parent that 40 per cent of the concentrate before distillation could 
be isolated as free nicotinic acid amide in the form of its hydro- 
chloride. 

Nicotinic acid amide prepared from ethyl nicotinate was also 
fed to a few dogs to see whether it had the same activity as the 
amide isolated from liver. The results are given in Fig. 3, Curves 
3 and 4. From the results obtained it appears that the activity 
of the synthetic amide and isolated amide is very similar. Nico- 
tinic acid has been injected intramuscularly in two cases with 
results very similar to those obtained through oral administration. 
It is impossible at present to give any figures for the exact ratio 
of activity of the same compound when administered by mouth 
or by injection. It is interesting to mention that one dog showed 
such severe symptoms of black tongue that we did not expect to 
save the animal; however, a single dose of nicotinic acid injected 
intramuscularly brought about great improvement and it con- 
tinued to improve upon additional oral feeding. 


DISCUSSION 


The results presented in this paper demonstrate conclusively 
that nicotinic acid and nicotinic acid amide are active in the cure 
and prevention of canine black tongue and that the activity of 
liver in the treatment of this disease is undoubtedly due to its 
content of nicotinic acid amide. Whether the majority of the 
nicotinic acid amide occurs in liver as such or in a more complex 
form cannot be answered at present. In any case the entire 
activity of liver may be correlated with its potential supply of 
nicotinic acid amide. Although it has been possible to isolate 
but a small amount of the total nicotinic acid amide in liver, we 
can estimate the original amount in a general way. We have 
used for isolation work liver extract preparations made in different 
laboratories but all preparations have shown about equal potency 
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when fed in amounts equivalent to the same quantity of fresh 
liver. A single dose of liver extract equivalent to 200 gm. of 
fresh liver fed to a dog suffering from b!ack tongue cures the symp- 
toms and gives a continued growth response for about 1 week. 
A single dose of 50 mg. of nicotinic acid amide gives a very simi- 
lar response. If there has been no appreciable loss during the prep- 
aration of liver extract from liver, we may conclude that 100 
gm. of fresh liver contain about 25 mg. of potential nicotinic 
acid amide. 

In our final isolation 175 mg. of nicotinic acid amide crystals 
were isolated from liver extract equivalent to 10 kilos of fresh 
liver, which would contain about 2500 mg. of the amide. This 
is a recovery of only 5 per cent of the original material. The as- 
says indicate that about 35 per cent of the potency was recovered 
in the concentrates carried up to the charcoal stage and that the 
recovery was reduced to 5 per cent after the acetone extraction 
step. 

It is also possible from the few results given in this paper to 
estimate the nicotinic acid requirement of dogs. Since Dog 57 
grew from 7 to 11 kilos in 5 weeks when receiving 30 mg. every 
other day, the intake would be about 1.5 mg. per kilo per day. 
The dogs weighing about 5 kilos grew for a little over a week 
when given one dose of 25 mg. and those weighing 8 to 9 kilos 
grew for about the same period when given 50 mg. of nicotinic 
acid. The requirement under the conditions in which we 
have worked may be tentatively set as 0.5 to 1.5 mg. per kilo 
per day. 

Although there are no figures available for the amount of nico- 
tinic acid in various foodstuffs, this compound and its derivatives 
are evidently rather widely distributed in nature. Nicotinic 
acid was first isolated from naturally occurring materials in 1912 
by Suzuki, Shimamura, and Odake (3). Trigonelline, the methyl 
betaine of nicotinic acid, was isolated as early as 1885 by Jahns 
(4). In 1913 Funk (5) isolated nicotinic acid from the vitamin 
fraction of rice polishings. The activity of nicotinic acid in poly- 
neuritis was very variable, but it was thought that it might be a 
decomposition product of the vitamin curing polyneuritis, or 
that some closely related compounds might show greater activity. 
These possibilities were also investigated by Williams (6) but 
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again variable and indeterminate results were obtained. Except 
for a paper by Szymafiska and Funk (7), who attributed a food- 
sparing and weight-preserving action to nicotinic acid and the 
amide, very little interest was shown in the possible réle of pyri- 
dine derivatives in living systems until the work of Warburg and 
Christian in 1935. They (8) characterized nicotinic acid amide 
as one of the hydrolysis products from the coenzyme which they 
had isolated from red corpuscles of horse blood. Kuhn and Vetter 
(9) isolated nicotinic acid amide from heart muscle and von Euler, 
Albers, and Schlenk (10) isolated the amide of nicotinic acid from 
cozymase. 

This work gave new impetus to the application of these findings 
in the field of nutrition. Von Euler and Malmberg (11), using a 
ration very similar to the Sherman-Bourquin diet supplemented 
with a vitamin B, concentrate and flavin, found no growth re- 
sponse with nicotinic acid or nicotinic acid amide at a level of 1 mg. 
daily. However, the rats receiving the nicotinic acid lived longer 
than the controls. Funk and Funk (12) have reported recently 
that rats and pigeons on certain rations showed a larger food 
intake and better growth when given nicotinic acid and especially 
nicotinic acid amide. Frost and Elvehjem (2) obtained a very 
definite growth response in rats on purified rations through the 
addition of adenine nucleotides and nicotinic acid. It is also 
interesting to note that nicotinic acid and its derivatives play a 
part in the nutrition of lower organisms (Lwoff and Lwoff (13), 
Knight (14), and Mueller (15)). Thus nicotinic acid seems to 
have important functions in various types of organisms. 

It is impossible to conclude definitely from the activity of nico- 
tinic acid in canine black tongue that it will prove useful in the 
treatment of human pellagra. However, Spies has used nicotinic 
acid in four cases of classical pellagra and reports (personal com- 
munication) that the fiery red color associated with pellagrous 
dermatitis, stomatitis, and vaginitis improved promptly. 

The use of nicotinic acid in the treatment of human pellagra 
brings up the possible toxicity of this compound. His in 1887 
(16), Cohn in 1893 (17), and Abderhalden, Brahm, and Schit- 
tenhelm in 1909 (18) found that dogs fed 1 gm. daily of pyridine 
hydrochloride or pyridine acetate excreted equivalent amounts of 
methyl pyridinium hydroxide. The similar ability of humans to 
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methylate pyridine is indicated from the work of Kutscher and 
Lohmann (19), who isolated small amounts of methyl pyridinium 
hydroxide from the urine of humans. The complete failure of 
rabbits to detoxicate pyridine was shown in the same work. 

Cohn (17) isolated a-pyridinuric acid, the dipeptide of picolinic 
acid and glycine, from the urine of rabbits injected with a-picoline. 
Thus rabbits, lacking the ability to methylate pyridine com- 
pounds, are able to oxidize a-picoline to picolinic acid. The con- 
jugation of picolinic acid with glycine is analogous to the synthesis 
of hippuric acid from benzoic acid and glycine, a well known de- 
toxication process in many vertebrates. In 1912 Ackermann (20) 
presented evidence that a dog fed large amounts of nicotinic 
acid (9 gm. of nicotinic acid as sodium nicotinate over a 5 day 
period) excreted about equal amounts of trigonelline and nico- 
tinuric acid, the dipeptide of nicotinic acid and glycine. No 
change in the condition of the dog was observed during the ad- 
ministration of these large amounts of nicotinic acid along with 
a normal ration. Ackermann performed the experiment with 
only one dog which he described as middle-sized. Upon duplica- 
tion of Ackermann’s work in our laboratory‘ with a small dog 
(4.6 kilos) definite toxicity was observed after 5 days of nicotinic 
acid administration (2 gm. per day). The dog failed to eat and 
showed spasmodic vomiting. Upon discontinuing the nicotinic 
acid, the dog returned to normal. 

In 1926 Tomita, Komori, and Sendju (21) fed nicotinuric acid 
prepared according to the method of Ackermann to polyneuritic 
pigeons without effect. However, they reported that 0.5 gm. of 
sodium nicotinate by injection, or 1 gm. by stomach tube, proved 
toxic to pigeons. Thus the ability of dogs to handle large 
amounts of nicotinic acid is undoubtedly dependent upon their 
ability to conjugate at least part of that absorbed with glycine. 
Animals that are not able to bring about this conjugation so readily 
will probably show greater toxicity to nicotinic acid. However, 
since humans are undoubtedly similar to dogs in this respect, no 
difficulty should be encountered from the use of reasonable 
amounts of nicotinic acid in humans. 


‘ We are indebted to D. V. Frost for the availability of these data. 
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SUMMARY 


1. The factor necessary for the cure and prevention of black 


tongue in dogs produced on a modified Goldberger diet has been 
isolated from liver and identified as nicotinic acid amide. 


2. Both nicotinic acid and nicotinic acid amide are effective in 


curing black tongue in dogs and in maintaining dogs in a normal 
condition on the basal black tongue-producing diet. 
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TRYPTOPHANE METABOLISM 


IX. THE EXCRETION OF KYNURENIC ACID IN THE BILE AND 
URINE OF THE DOG AFTER THE ADMINISTRATION OF 
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In all of the early studies of kynurenic acid excretion in the dog 
only the urine was analyzed. A few years ago Kotake and Ichi- 
hara (1927, 1931) noted that the bile of this species may contain 
kynurenic acid in variable amounts. Their experimental evi- 
dence was confined to four trials with tryptophane and two with 
kynurenic acid, both injected subcutaneously. Their observation 
that kynurenic acid is excreted in the bile of the dog has not had 
further confirmation so far as we are aware; we therefore under- 
took the more comprehensive study summarized in this paper. 

Our data on the feeding of tryptophane and on the subcutaneous 
administration of kynurenic acid confirm in general the observa- 
tions of Kotake and Ichihara. However, attempts to recover 
kynurenic acid given by mouth have yielded results which lead us 
to question their assumption that the irregular and incomplete 
urinary recoveries of kynurenic acid which they have tabulated 
from the literature are due primarily to diverted excretion of 
kynurenic acid in the bile. 


* The experimental data are taken from a dissertation submitted by 
John T. Correll in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State 
University of lowa. For some of the earlier work on this problem we are 
indebted to Dr. Lyle C. Bauguess. 

A preliminary report of this work was presented before the American 
Society of Biological Chemists at Detroit, April, 1935 (Proc. Am. Soc. Biol. 
Chem., J. Biol. Chem., 108, p. xxiv (1935)). 
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A portion of this paper deals also with kynurenic acid excretion 
after the feeding of dl-tryptophane, which has been administered 
to rabbits (Matsuoka, Takemura, and Yoshimatsu, 1925; Berg, 
1934) but not to dogs. Our chief purpose in using dl-tryptophane 
was to make sure that an unexpected difference did not exist 
between its use for kynurenic acid production in the rabbit and 
in the dog; the d form is used for growth by the rat (Berg, 1934) 
but not by the mouse (Kotake, Ichihara, and Nakata, 1936). 


EXPERIMENTAL 


For these studies bile fistula dogs were prepared by the Rous 
and McMaster (1923) technique. The cannula used was of 
German silver, instead of glass, to provide a thinner wall and larger 
opening, thus lessening the chances of constriction. The rubber 
(stethoscope) tubing was supported by enclosure in a fold of the 
mesentery; such an arrangement may also guard against possible 
access of organisms along the course of the tubing. A para 
rubber glove served admirably as the collecting bag; the reed bas- 
ket was covered with adhesive tape to prevent the stems from 
wearing loose and puncturing the glove; the canvas jacket was 
provided with holes for the front legs. Sterile precautions were 
observed throughout the study. The collecting tube was closed 
with a Hoffmann screw clamp between collections; the exterior 
end was filled with a 4 per cent phenol solution immediately after 
each collection and covered with a sterile sponge saturated with 
the same antiseptic. 

Female dogs were used to facilitate catheterization. During 
experimental periods the bile and urine were collected once each 
day at the same hour. Occasionally the bile was cultured, but 
no indication of infection was found. According to Smith, Groth, 
and Whipple (1928), infection with common air-borne spore 
bearers (Bacillus subtilis, for example) causes no clinical disturb- 
ance and produces no change in bile salt metabolism. It seems 
unlikely that it should affect kynurenic acid content. Occasional 
fluctuations noted in the volume of bile were probably due to 
temporary obstructions, such as small kinks in the bile duct at 
the point of insertion of the cannula or plugs of mucus or precipi- 
tate along the course of the tubing. 

The dogs were housed in metabolism cages and were fed a 
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weighed basal diet. In some of the experiments the standard 
salmon-bread diet employed by Smith, Groth, and Whipple (1928) 
was used; in.others, commercial Purina Dog Chow was fed. The 
food was given as a mash. Tryptophane or kynurenic acid sup- 
plements, when fed, were mixed intimately with a small portion 
of the normal daily ration and offered first; the rest of the diet was 
fed after this had been consumed. On a few occasions the sup- 
plement had to be fed by hand. 

The /-tryptophane was prepared as directed by Cox and King 
(1930). The dl-tryptophane was made from the former essen- 
tially as directed by Matsuoka, Takemura, and Yoshimatsu 
(1925). The purity of these products was checked by melting 
point determinations and nitrogen and optical analyses. Part 
of the kynurenic acid employed was prepared by partially purify- 
ing urinary kynurenic acid precipitates from dogs or rabbits, as 
indicated by Berg (1931). A synthetic product (Hoffmann-La 
Roche, Inc.) was also used. The identity of the two was estab- 
lished by individual and mixed melting points and by response to 
the Jaffe (1882-83) test. 

Both bile and urine were analyzed for kynurenic acid daily by 
the Capaldi (1897) procedure, essentially as previously outlined 
(Berg, 1931). The bile precipitates were always contaminated 
with a viscid, mucin-like substance that made filtration extremely 
slow. Attempts to remedy this difficulty by first hydrolyzing the 
sample with 4 per cent hydrochloric acid, 15 per cent hydrochloric 
acid, or 10 per cent sodium hydroxide on a steam bath for 18 to 
24 hours were unsuccessful. Therefore, to avoid the necessity 
of filtering and permit separating and washing by centrifugation, 
the precipitations from bile were carried out in 50 cc. centrifuge 
tubes. All final precipitates were washed with water-saturated 
n-butyl alcohol to remove possible contaminants (Berg, 1931). 

Four trials of the modified procedure for bile were made on 
aliquots of bile to which 0.2 gm. of kynurenic acid had been added. 
In each case the apparent kynurenic acid content of an equal 
aliquot was determined and subtracted. The net recoveries of 
kynurenic acid varied from 0.1869 to 0.1940 gm. or from 93.4 
to 97.0 per cent. In tests on urine net recoveries of 0.5 to 1.0 gm. 
of added kynurenic acid ranged from 88.0 to 93.0 per cent. In 
one instance in which breakage prevented making the final butyl 
alcohol washing the recovery was 105 per cent. 





oe hx 











154 Tryptophane Metabolism. IX 


DISCUSSION 


The results of a series of studies on the subcutaneous and oral 
administration of kynurenic acid to bile fistula dogs are given in 
Table I. When kynurenic acid was injected, the total recoveries 











Taste I 
Recoveries of Kynurenic Acid from Urine and Bile after Iis Administration 
to Dogs 
Average Net* kynurenic acid recovered 
Dog No. pond Kynurenic acid administered 
test From bile From urine 
kg. gm. gm. per cent gm. per cent 
1 8.4 | 0.5 (Subcutaneously) | 0.0013 0.3 | 0.4172 | 83.4 
0.5 a 0.0719 | 14.4 | 0.3983 | 79.7 
0.5 " 0.1648 | 33.0 | 0.3109 | 62.2 
0.5 - 0.0904 | 18.1 | 0.3824 | 76.5 
6 7.7 | 0.5 ” 0.0036 0.7 | 0.4114 | 82.3 
0.5 " 0.0009 0.2 | 0.3342 | 66.8 
0.5 " 0.0000 0.0 | 0.3484 | 69.7 
8.2 | 1.5 ” 0.0192 1.3 | 0.9451 | 63.0 
7t 10.8 | 1.0 a 0.7342 | 73.4 
1.0 - 0.7212 | 72.1 
1.0 ” 0.7517 | 75.2 
3 7.2 | 2.0 (Per os) 0.0287 1.4 | 0.7547 | 37.7 
5 10.31/20 “ “ 0.0101 0.5 | 0.3558 | 17.8 
| ee 0.0407 2.0 | 0.2714 13.6 
—_—-** 0.0000 0.0 | 0.3162 | 15.8 
Tae ~~ * 0.0181 1.8 | 0.2543 | 25.4 
_ o* 0.0000 0.0 | 0.2518 | 25.2 
a oo 0.0102 1.0 | 0.2365 | 23.7 
6t a 0.0000 0.0 | 0.2276 15.1 
or 0.0306 2.0 | 0.2083 | 13.9 
— 0.0451 3.0 | 0.2975 | 19.8 























* The average apparent kynurenic acid isolated on the control days 
before and after the experimental period has been subtracted from the 
apparent kynurenic acid found in the 24 hour samples following kynurenic 
acid administration. 

t Dog 7 did not have a bile fistula. 

t During this 3 day period 0.6620 gm. of kynurenic acid, or 14.7 per cent 
of the total 4.5 gm. fed, was recovered from the feces. 


varied somewhat but were all fairly high (64.3 to 95.2 per cent). 
However, when kynurenic acid was fed, low total recoveries (15.6 
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to 39.1 per cent) were obtained. In the literature relatively few 
studies can be found on subcutaneous or oral administration of 
kynurenic acid itself. In those which are available, recoveries 
after feeding were almost always lower than after injection. Solo- 
min (1897) found that isolation from the urine following adminis- 
tration to dogs and rabbits by mouth was always unsatisfactory 
(22.1 per cent in one instance; 9.4 to 9.6 per cent in three others); 
after subcutaneous injection, recoveries were much higher (58 and 
61 per cent in the rabbit to 83, 88, and 98 per cent in the dog). 
Hauser (1895) obtained low urinary recoveries in the dog after 
feeding (36 and 54 per cent). Homer (1915) made only one test 
by each mode of administration to the dog; she reported 91 per 
cent recovery from the urine after subcutaneous injection and 81 
per cent after feeding. Matsuoka (1917, 1918) isolated 11.9 per 
cent of the kynurenic acid given to rabbits by mouth, and 71.9 
to 98.1 per cent of that introduced subcutaneously. Kotake and 
Ichihara (1931) report studies on two bile fistula dogs in which 
kynurenic acid was recovered from both the bile and the urine 
after its subcutaneous administration; that found in the urine 
represented 78 and 75.8 per cent of the kynurenic acid injected; 
that from the bile, 15.2 and 18.6 per cent. They did not make 
similar tests after administering kynurenic acid by mouth. In 
the five separate feeding trials on dogs reviewed above the urinary 
recoveries averaged only 38 per cent as compared with 84 per cent 
for the six injection tests. The differences which we have found 
are of the same order. 

The data in Table I pertaining to oral administration of ky- 
nurenic acid show that the amount found in the bile was far from 
adequate to account for the discrepancy between the urinary 
recoveries after feeding and those after subcutaneous injection. 
One is led to suspect that some of it may not have been absorbed. 
Solomin (1897) was able to recover 15 per cent or more from the 
feces of a human subject after feeding kynurenic acid and 10 per 
cent in a similar trial on the dog. Hauser (1895) failed to find 
any in the feces of man and only a trace in the feces of the dog. 
In our studies only one attempt was made to recover kynurenic 
acid from the feces. After correction for the small amount of 
material which could be isolated from an aliquot of the same 
weight of feces from the same dog on the same basal diet, careful 
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analysis accounted for 14.7 per cent of the kynurenic acid fed, 
Attempts to recover kynurenic acid mixed with feces and subjected 
to the same analytical procedure yielded only 30 per cent or less; 
much of it was very probably either adsorbed by the feces or 
destroyed by bacterial degradation. We suspect the former. In 
any event, the 14.7 per cent which was recovered after feeding 
may be regarded as low, some very probably having escaped isola- 
tion or having undergone decomposition in the alimentary tract. 
This assumption seems reasonable, since from both bile and urine 
only 17.5 per cent of the amount fed could be recovered. 

The product isolated from the bile in these and the following 
studies on tryptophane has been established as kynurenic acid by 
the characteristically high melting point, by mixed melting point 
with kynurenic acid of known purity, and by the Jaffe (1882-83) 
test. 

We have repeatedly verified the observation of Kotake and 
Ichihara that kynurenic acid is excreted in the bile after /-trypto- 
phane administration. Space does not permit including all of the 
individual tests on tryptophane, or the analyses made each day 
during the interim periods. We are therefore presenting only the 
averages of several series (see Table II). Sometimes we had 
difficulty in inducing our dogs to eat with regularity. Data for 
such periods have been omitted because of the possibility that 
changes in regimen, particularly resumption of food consumption 
after fasting, might affect kynurenic acid output (Matsuoka, 
1918). Table II conveys clearly the essential observation that 
kynurenic acid appeared in the bile in varying amounts every time 
tryptophane was fed, although the distribution between bile and 
urine varied considerably. For a given dog over comparable 
dietary periods and on the same intake of /-tryptophane the total 
kynurenic acid output per day was much less variable than the 
distribution between bile and urine. This substantiates the ob- 
servations of Kotake and Ichihara. It is realized that averages 
mask extreme variations. The figures in Table II give a conserva- 
tive idea of results usually obtained. In none of approximately 
60 individual tests on tryptophane administration did we find a 
greater net output of kynurenic acid in the bile than in the urine. 
The greatest proportion ever found in the bile was 48.4 per cent 
of the total net output; on the other hand, in only one or two of 
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the tests on the bile was there any doubt that at least a trace of 
kynurenic acid was present. 

In Table II we have included particularly the data which afford 
comparison between the quantities of kynurenic acid formed from 


Taste II 
Average Net* Daily Output of Kynurenic Acid in Bile and Urine after Feeding 
l- and dl-Tryptophane 























Kynureniec acid excreted 
No, | Average = of aay ~ ee Total, 
i bee In bile | In urine | Der cent of 
calt 
kg. gm. per day om. per day | gm. per day 
1 9.5 5- 8 2.0 (l-) 0.0760 | 0.3612 | 24.2 
8.3 | 24-27 5.0 (-) 0.1236 | 0.7875 | 19.7 
4 15.8 4-8 2.5 (l-) 0.2836 | 0.4419 | 31.3 
15.6 | 14-16 5.0 (l-) 0.1139 | 1.2291 | 29.0 
14.6 | 59-60 5.0 (I-) 0.0251 | 1.5851 | 34.7 
13.7 | 65-66 2.5 (I-) 0.0190 | 0.6556 | 29.1 
13.7 | 68-69 10.0 (dl-) | 0.0792 | 1.6508 | 18.6 
13.6 | 73-74 5.0 (dl-) | 0.0200§ | 0.8428 | 18.6 
6 8.9 | 3-4 5.0 (l-) 0.2667 | 0.9447 26.2 
8.5 | 11-13 10.0 (dl-) | 0.1013 | 1.5023 | 17.3 
8.3 | 18-20 5.0 (dl-) | 0.1177 | 0.7582 | 18.9 
7.7 | 46-48 5.0 (I-) 0.0504 | 0.9539 | 21.7 











* The average apparent kynurenic acid isolated on the control days 
before and after the tryptophane feeding period has been subtracted. 

t Dog 1 ate 200 gm. of salmon-bread per day during each period and Dog 
4, 300 gm. of Purina Dog Chow. Dog 6 consumed 100 gm. of Purina Dog 
Chow per day during Days 3 to 4, 125 gm. per day during Days 11 to 13, and 
150 gm. per day during the other periods. 

t Of the total kynurenic acid theoretically synthesizable from l-trypto- 
phane, usually less than 35 per cent is produced. All percentages are based 
on kynurenic acid equivalent to the total /- or total dl-tryptophane fed. 

§ On the 2nd day of this period the bile volume was slightly over half 
that of the Ist day. The tube was permanently obstructed. Hence this 
average must be low. 


l- and from dl-tryptophane. The dl-tryptophane data also show 
the irregular distribution of kynurenic acid between bile and urine. 
In each instance, however, the total output was appreciably less 
than that after the ingestion of an equal amount of l-tryptophane. 
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It seems possible that the dog, like the rabbit, does not produce 
very much kynurenic acid from d-tryptophane, probably because 
as in the rabbit d-tryptophane cannot be converted directly into 
kynurenic acid (Berg, 1934). 

On the whole the tendency seemed to be toward the excretion 
of a somewhat greater proportion of kynurenic acid in the bile 
after feeding tryptophane than after the administration of ky- 
nurenic acid. From 2 to 39 per cent of the kynurenic acid excre- 
tion shown in Table II was by way of the bile; the average was 
9.1 per cent. The output by the same route in Table I ranged 
from 0 to 33 per cent, but averaged 5.7 per cent. If this small 
difference is significant, it may possibly be explained on the basis 
of a kynurenic acid distribution more favorable to biliary elimina- 
tion. The studies of Abderhalden, London, and Pincussohn 
(1909), Matsuoka and Takemura (1922), and Ichihara, Otani, and 
Tsujimoto (1931) suggest that kynurenic acid is synthesized in 
the liver. If this is true, a concentration of kynurenic acid may 
occur at the site of its synthesis within the liver cells and this may 
facilitate its escape into the bile. 


SUMMARY 


The observation that kynurenic acid is excreted in the bile as 
well as in the urine of dogs after tryptophane administration has 
been confirmed. 

When kynurenic acid is given by mouth, an appreciable amount 
apparently escapes absorption; this circumstance, more often 
than excretion by the bile, accounts for the low kynurenic acid 
output in the urine after such administration. 

dl-Tryptophane produces much less kynurenic acid than L- 
tryptophane, probably because d-tryptophane does not undergo 
direct conversion to kynurenic acid in the dog. 
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THE IDENTIFICATION AND QUANTITATIVE DETERMI- 
NATION OF VOLATILE ALCOHOLS AND ACIDS* 


By THEODORE E. FRIEDEMANN 
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(From the Department of Medicine of the University of Chicago, Chicago) 
(Received for publication, October 26, 1937) 


In a recent paper by Friedemann and Klaas (1) a rapid, simple 
micromethod, applicable to biological materials and highly spe- 
cific for alcohols as a group, was described. It was pointed out 
that before the method could be applied for the determination of 
alcohol it must be shown that only one alcohol is present. Since 
ethyl alcohol is the only volatile alcohol found in a very large 
number of biochemical systems (and since in most instances it 
is the only volatile alcohol present in alcoholic beverages), the 
substance determined by this methed with a‘high degree of 
probability is ethyl alcohol. In the presence of two or more 
alcohols all present micromethods fail. Necessary then is a 
method for identifying as well as quantitatively determining each 
alcohol. In biochemical and medicolegal work the sample avail- 
able for analysis is often small. The method therefore should be 
sensitive enough to apply to such small samples. 

The procedure here described consists of distillation of the sam- 
ple from acid Naz.WO,-HgSO,, redistillation from Ca(OH),-HgO, 
oxidation of the alcohol by chromic acid to the respective acid, 
and finally, determination of the distribution constant with ethyl 
ether. A distribution constant below that of acetic acid indicates 
the presence of another alcohol or a mixture of alcohols. In 
such a case the final oxidation mixture from another sample 
is fractionally distilled; the total acidity and the distribution 


* This study was aided by grants from the Bartlett Memorial Fund and 
from the Douglas Smith Foundation for Medical Research, the University 
of Chicago. A preliminary report was presented in the form of a demon- 
stration at the meeting of the Federation of American Societies for Ex- 
perimental Biology, April, 1937. 
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constant are determined in each of the serial distillates. Two 
physical constants, the rate of distillation and the distribution 
constant, thus determine the identity of the acids which in tum 
identifies the alcohols. 

Since success of the procedure depends upon the determination 
of minute quantities of volatile acids, the determination of the 
latter in various biological materials is also described. The most 
practical method for the preliminary separation of volatile acids 
from the sample appears to be steam distillation with acid 
Na,.WO,-MgSO,. An apparatus for micro steam distillation is 
described. Formic, pyruvic, crotonic, and other acids, such as 
lactic acid, are removed by redistillation from acid MgSO,-Hg0. 
Aeration with CO,-free air at room temperature just before titra- 
tion with 0.01 n NaOH quantitatively removes CO, without loss 
of volatile acid. The end-point is sharp and permanent, witha 
maximum error of +0.05 ce. 

The distribution principle was first used by Behrens (2) in 
1926 for the determination of mixtures of fatty acids. The tech- 
nique was improved by Werkman (3) and applied to the deter- 
mination of alcohols by Werkman and Osburn (4). Although 
excellent for large quantities of alcohols and acids, the proce 
dures are not suitable for minute amounts such as must be deter- 
mined when the sample available is small. In this paper the 
writer proposes the following changes in technique. For deter- 
mination of volatile acids, (1) steam distillation in the presence of 
salt, instead of direct distillation which requires subsequent addi- 
tions of water until the distillation is complete; the steam distilla- 
tion is complete in 15 to 20 minutes; (2) redistillation (instead of 
refluxing) from acid MgSO,-HgO, removing interfering acids 
which can be determined by more specific methods; (3) a short 
aeration of the sample with CO,-free air, instead of refluxing; 
(4) simplification of the technique of determination of the dix 
tribution constant; (5) in unknown mixtures the acids are idem 
tified by their rate of distillation (Duclaux) and the distribution 
constants of the serial distillates. For determination of alcohols, 
(1) direct distillation of the sample from inorganic precipitants 
which prevent foaming and which remove some of the interfering 
volatile substances; (2) redistillation (refluxing is unnecessary) 
from Ca(OH):-HgO which removes traces of acids, ketones, alde 
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hydes, and phenols; (3) oxidation by 2 n H,SO,-K:Cr,0; in the 
receiving flask, a glass-stoppered volumetric flask, at room tem- 
perature or on a water bath, instead of refluxing. 


Description of Methods 


Apparatus—The apparatus for steam distillation is shown in 
Fig. 1. Steam is generated in a 1 gallon galvanized iron kerosene 
can. Brass tubes, A and B, are inserted and soldered into the 























Fig. 1 Fie. 2 
Fic. 1. Apparatus for steam distillation of volatile acids 
Fic. 2. Apparatus for distillation of alcohols and volatile acids 


top of the can as shown. The spout of the generator is connected 
with the glass apparatus by means of a rubber tube of large bore. 
The inlet tube C should also be large (10 mm. inside diameter) 
to allow condensed moisture to run back into the generator. The 
distilling flask is made from a 300 ec. Kjeldahl flask. A No. 20 
Pyrex interchangeable ground glass connection is sealed to the 
bottom. The flask is then sealed off at the top. Calibration 
marks are made at 10 cc. intervals. If more than one unit is 
used, it is advisable to make all of the flasks as nearly as possible 
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of the same length. All inlet tubes, D, should also be of the same 
length. The steam generator is heated by means of a Bunsen 
burner; the flask by means of a microburner. 

Fig. 2 shows the apparatus used in all other distillations. The 
side arm with a ground glass stopper is necessary for the deter- 
mination of formic acid. The distilling flask is made from a 500 
ee. round bottom flask provided with a No. 20 Pyrex interchange. 
able ground glass connection. The flask is calibrated at 100, 
150, 200, and 250 cc. 

Carbon dioxide-free air is obtained from a tower (a glass tube 
3 X 48 inches) filled with soda lime. The upper end of the tower 
is packed with cotton to prevent escape of any particles of soda 
lime. 

Reagents— 

Distilled water may at times contain considerable quantities 
of volatile material (alcohols, aldehydes, phenols, etc.). This is 
particularly true of condensed power-house steam and distilled 
water produced from water contaminated with industrial wastes. 
The water should be tested before each run. If necessary, it 
should be redistilled from alkaline KMnQ,. It should be stored 
in a large glass bottle and delivered therefrom through a glass 
siphon with a minimum of rubber connections. The first portion 
of water from the siphon should be discarded, since it may con- 
tain oxidizable impurities from the rubber tubing. Water from 
a wash bottle should never be used. 

Sodium tungstate. A 10 per cent solution. 

Sulfuric acid, 10 n and 20 n. 

Magnesium sulfate. Epsom salt, v.s.p. 

HgO. The red oxide. 

Mercuric sulfate. 100 gm. of HgSO, are dissolved in 1 liter of 
2 n H.SQ,. To prevent precipitation of basic mercuric salt, the 
HgSO, should be added to 500 cc. of water to which have been 
added 56 cc. of concentrated H,SO,. After heating until solution 
is complete, the volume is brought to about 1000 ce. 

Ca(OH): suspension. 100 gm. of CaO (reagent quality) are 
slaked with a minimum of water. To this is added 1 liter of 
water. The resulting creamy suspension is kept in a glass-stop 
pered bottle protected from dust. 

Anhydrous ether. This is prepared from v.s.p. ether, or 8 
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reclaimed according to the directions given by Werkman and Os- 
burn. It is allowed to stand for some time over anhydrous 
CaCk. A small quantity of soda lime or powdered CaO should 
also be added to neutralize any acids which may be present. The 
ether is then distilled, preferably from an all-glass still in the pres- 
ence of fresh CaCl, and lime or sodalime. It is kept in the refrig- 
erator; only slightly more than is to be used in the analyses is 
removed from the refrigerator and warmed to approximately 25°. 

Standard NaOH. 0.1 N NaOH is prepared from clear saturated 
NaOH solution and boiled distilled water. 0.01 N solution is 
prepared at frequent intervals by dilution with boiled distilled 
water. These solutions are kept in suitable reservoirs and 
burettes, guarded against the entrance of CO, by soda lime tubes. 

Oxidizing agent for direct determination of ethyl alcohol. 
See Friedemann and Klaas (1). 

Distillation of Volatile Acids from Biological Materials—Tissues 
are frozen and crushed according to the procedure of Graeser, 
Ginsberg, and Friedemann (5). About 10 gm. of the crushed 
tissue are transferred to a tared flask (see Fig. 1) which contains 
10 cc. of water and 4 cc. of 10 N H,SQ,.! The flask is again 
weighed. 

10 ce. of blood are run into the acid mixture, as in the case of 
tissues. 10 to 25 cc. of urine, or 5 to 25 cc. of culture medium, 
are run into 4 cc. of 10 Nn H:SO, plus enough water to bring the vol- 
ume, with the sample, to 25 to 30 cc. 15 cc. of tungstate are 
then added. The contents are then mixed thoroughly by rota- 
tion of the flask. 8 gm. of MgSO, (6) are added. The contents 

‘The order of addition of acid and tungstate is important; the acid 
should be added first. The presence of alkali, especially when the sample 
is heated before acidification, may greatly increase the quantity of volatile 
acids. The increase is of about the same order as that obtained from 
blanks which contain approximately the same quantity of sugar as the 
sample. Since most biochemical materials contain sugar, the determina- 
tion of total volatile acids after saponification by alkali may yield erro- 
neous results. It should be noted that Werkman and Osburn recommend 
the distillation of alcohol from the neutralized sample, followed by acidifica- 
tion and distillation of the volatile acids from the residue. While this 
gives excellent results with very large quantities of alcohol and acids, the 
writer urges that the residue from the determination of alcohol should not 


be used for the determination of volatile acids in urine, tissues, etc., which 
contain relatively very small quantities of alcohol and volatile acids. 
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are again mixed by rotation, after which the flask is connected 
to the apparatus and the ground glass connection is wetted. 

In the case of blood and tissues, success of the method depends 
upon the technique of precipitation.' The flask is tilted until 
the contents enter the enlarged upper part. 5 cc. of tungstate 
are then slowly added, with rotation of the flask in the horizontal 
position and with frequent mixing with the contents which still 
remain in the lower narrow part. The latter is accomplished by 
momentarily bringing the flask to the vertical position. Two 
more additions of 5 cc. each of tungstate are made, with mixing 
as before. 

The water (distilled water) in the steam generator is heated 
to boiling. The clamp at A (Fig. 1) is closed and the contents 
of the flask are rapidly brought to boiling. If the mixture foams, 
clamp A should be opened and the microburner should be re- 
moved. In most instances (unless an insufficient amount of 
tungstate is present) no foaming is encountered when the distilla- 
tion is again resumed. The flame under the steam generator 
should be low, but the microburner should be high enough to 
reduce rapidly the volume to 30 cc. The Bunsen burner flame 
is then increased. The microburner flame is adjusted to main- 
tain the volume at approximately 30 cc. 200 cc. of distillate 
are collected in the 500 cc. round bottom flask shown in Fig. 2. 
From 15 to 20 minutes are required for the steam distillation. 

Redistillation of Volatile Acids—From 1 to 5 per cent of lactic 
acid and from 5 to 20 per cent of pyruvic acid come over in the 
steam distillate. For this reason it is necessary to redistil the 
distillate before carrying out any titrations. Since the presence 
of formic acid complicates the calculations by introducing an 
additional variable and since it can be determined by more 
specific methods, it is desirable to remove this acid also.* This is 
accomplished by simply distilling with HgO (3) or HgSO, in acid 
solution. Distillation with mercuric salts and MgSO, also re- 


? The distribution constant of formic acid is 91.0, only 4.5 greater than 
for acetic acid (see Fig. 3). The presence of relatively large quantities of 
formic acid in a solution of acetic and formic acids thus increases the con- 
stant but slightly and therefore introduces a large error in the determina- 


tion of acetic acid. 
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moves pyruvic acid quantitatively and about 75 per cent of 
erotonic acid.* 

2 cc. of 10 N H2SO,, 50 gm. of MgSO, (measured with a 50 ec. 
beaker), and 0.2 to 0.3 gm. of HgO (measured by a small spoon) 
are added in the order indicated. If HgSO, is to be used, add 
the MgSO,, 10 cc. of HgSO, in 2 n H,SO, (see “Reagents’’), and 
talcum. Excessive foaming is encountered often when larger 
quantities of acid or HgO have been added. The flask is con- 
nected to the apparatus and the ground glass connection is 
wetted. The contents are rapidly brought to boiling. The 
results are more uniform if, at this point, the flame is removed 
for a short time. The distillation is now resumed and carried 
out at the rate of 4 to 5 cc. of distillate per minute. The flask 
should be carefully watched when the volume becomes less than 
100 cc.; the distillation should be discontinued as soon as the con- 
tents begin to crystallize. The redistillation requires from 30 to 
45 minutes. 

If the lactic, formic, or crotonic acid content is relatively 
very great, it may be necessary to redistil a second time from 
acid MgSO,-HgO. In most instances, however, one redistilla- 
tion appears to be sufficient.‘ The final distillate is collected 
either in a 250 cc. volumetric flask or in a 500 cc. Erlenmeyer 
flask, depending upon the quantity of acid present or whether 
the distribution constant is to be determined. 

Blank distillations should be made with the same water and 
reagents. 

Modified Duclaux Distillation—The solution or distillate in the 
500 cc. round bottom flask is brought to a volume of 200 cc. 2 
ec. of 10 N H,SO,, 50 gm. of MgSO,, and 0.2 to 0.3 gm. of HgO 


*Refluxing (Werkman) with acid HgO to remove formic acid, ete., is 
unnecessary with the small quantities of total acid (1 to 100 ec. of 0.01 n) 
present in the aliquots recommended. 

* A second redistillation is apparently unnecessary in the case of normal 
tissues and urine. However, if a large volume of urine is distilled with 
steam, considerable quantities of volatile acids, which require at least two 
redistillations for removal, are found in the steam distillate. During the 
long period of steam distillation, from 2 to 4 hours required for the large 
sample, no doubt considerable decomposition of labile substances and 
volatilization of relatively non-volatile acids occur. 
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are added and the distillation is carried out as described above, 
The distillate is collected in large test-tubes (25 X 250 mm.) in 
fractions as follows: 25, 25, 25, 25, 50 cc., and to crystallization 
(about 40 cc.). The tubes are calibrated at 25, 50, and 52 ce. 
The volume is brought to the 52 cc. mark. A 25 cc. aliquot is 
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Fic. 3. Rate of distillation of volatile acids. The initial volume of the 
solutions was 200 cc. To this were added 2 ce. of 10 n H,SO,, 50 gm. of 
of MgSO,-7H.0, and 0.2 to 0.3 gm. of HgO. The distillation required from 
30 to 45 minutes. 





then diluted, aerated, and titrated as described below. The 
other 25 cc. aliquot may be used for determination of the distribu- 
tion constant (see below). 

The rate of distillation under the conditions described, without 
particular care as to size of flame during the distillation, accurate 
weight of the salt, or accurate adjustment of the initial volume, 
can be seen in Fig. 3. The approximate acid content of each of 
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the fractions is shown in Table I. Even under these conditions 
the results are fairly uniform. 

The volatility of formic acid is only slightly increased by the 
presence of the salt, in confirmation of the work of Witzemann 
(7). However, the volatility of the other acids is greatly in- 
creased. Thus the first 100 cc. of distillate from MgSO, contain 
approximately 11 per cent more of the acetic acid, 14 per cent 
more of the propionic acid, and 19 per cent more of the butyric 
acid. The salt thus allows a better separation of acetic from the 
highér fatty acids. With MgSO, present it is possible to distil 
about 99 per cent of the acetic acid. In the absence of MgSO, 
it is difficult to distil over all of the acetic acid; the total acetic 
acid yield is therefore less uniform. MgSQ, is preferred over 


Tasie I 
Approximate Per Cent of Acid in Serial Distillates 














ist | and | ard | 4th 5th 6th 
Acid fraction, | fraction ,| fraction, | fraction, | fraction, | fraction, 
25 cc. | 25 ce. 25 ec. Bee. | 50ce. | + 40 cc. 
MU. 00s coe dv. aes } a | 2 | 12 | | a | om 
rere. | 23 22 9 | 7 | 6 | 8 
—— | 3 | 3 | 9 | 0 | 2 | 
_ i ce ae 5 | 
ed cecscsecess | 6 | 4 | 





Na,SO, or NaCl because it is more soluble; a greater yield of dis- 
tillate can be obtained before crystallization. It does not yield 
a volatile acid, as might be with the case with NaCl. 

Titration of Volatile Acids—All distillates contain variable 
quantities of CO, which must be removed completely before 
titration. Removal of CO, is quickly accomplished by rapid 
aeration with CO,-free air. Thus, only 30 to 45 seconds suffice 
to free 25 cc. of a saturated aqueous solution of all CO,. In prac- 
tise, however, it is advisable to aerate longer. The aeration does 
not remove any measurable quantity of volatile acid. 

An aliquot is transferred to an Erlenmeyer flask or a large 
test-tube. To minimize losses due to aeration, dilution of all 
aliquots to about 100 cc. (the required volume added from a 
graduated cylinder) is recommended. The flask is tilted at an 
angle of about 45° during the aeration. If the total volume is 
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25 cc., the sample is rapidly aerated 3 minutes; for 100 ce., § 
minutes; 250 cc., 10 minutes. At the end of aeration the air inlet 
tube is shaken to remove adhering drops; it is not washed with 
a stream of water, for this would introduce CO,. The flask, or 
test-tube if the volume is only 25 cc., should’then be covered 
with a beaker and as soon as possible titrated with 0.01 n NaOH. 
To the volumes of solutions mentioned above add 1, 2, or 3 drops, 
respectively, of 1 per cent alcoholic solution of phenolphthalein. 
The titration is continued to the first permanent faintly pink 
color. 

The same volume of the blank should be treated in the same 
manner and titrated as the unknown. 

Determination of Distribution Constant—The determination is 
carried out with long pear-shaped Pyrex separatory funnels of 
250 ce. capacity. These should be cleaned with strong cleaning 
solutions only at infrequent intervals, ‘and, if so cleaned, should be 
washed very carefully, dried, and the stop-cock should be care- 
fully greased. Hot water usually suffices to remove greasy 
matter from the walls. Just before use they should be rinsed with 
distilled water and allowed to drain a few minutes. The stop- 
cock is then closed. An aliquot, equal to the aliquot titrated 
directly, is introduced. Enough water to bring the volume to 100 
ec. is added from a graduated cylinder. 50.5 cc. of ether are 
added from a 50 cc. graduated cylinder. The separatory funnel 
is now closed, the contents are gently rotated, and the stopper is 
momentarily opened to relieve the pressure. Equilibrium be- 
tween the aqueous and ether layers is reached with approxi- 
mately 15 seconds of vigorous shaking. However, to obtain more 
uniform results the shaking should be continued for at least 1 
minute. The funnel is then allowed to stand several minutes. 
Almost all of the aqueous layer is drawn off into a 300 cc. Erlen- 
meyer flask. The funnel is closed and given a circular motion t0 
bring down any drops adhering to the walls. The remaining 
aqueous layer is now removed. The aeration and titration are 
carried out as already described. 

Calculations—A = cc. of 0.01 N NaOH, minus the blank, re 
quired before ether extraction. B = cc. of 0.01 n NaOH, minus 
the blank, required after the ether extraction. The constant, 
K = B/A X 100. K, therefore, represents the percentage of acid 
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which remains in the aqueous phase. The constants obtained 
under these conditions are shown in Fig. 3. As shown by Werk- 
man and Osburn,’ K of a mixture of acids is the sum of the per- 
centage distribution constant of each of the acids present. Thus 
in a mixture consisting of 25.2 cc. of acetic acid, 26.1 ec. of propi- 
onic acid, 21.1 cc. of butyric acid, and 3.8 cc. of caproic acid, a 
total of 76.2 cc. of 0.01 N acid in 250 cc., a 25 cc. aliquot contained 
7.78 — 0.12 or 7.66 cc. before ether extraction and 4.67 — 0.12 
or 4.55 cc. after ether extraction. K = 4.55/7.66 X 100 = 59.4. 
K, calculated, is 28.6 + 21.6 + 9.1 + 0.2 = 59.5. 

Greater accuracy could, of course, be obtained by previously 
drying the separatory funnel, by more carefully measuring all 
solutions, including the ether, and by maintaining the tempera- 
ture at 25°. Starting with a wet separatory funnel is preferable, 
for it allows determinations to be made in rapid succession with 
the same funnel. The small quantity of water adhering to the 
wall is within the error of measurement of the graduated cylin- 
ders. By drawing off and titrating all of the aqueous solution the 
use of an additional pipette (Werkman and Osburn) is avoided. 
By measuring the ether from a burette it would be unnecessary to 
allow approximately 0.5 cc. for evaporation. While no marked 
differences have been noted at room temperatures, the best results 
are obtained at 25°, as recommended by Werkman and Osburn. 
At temperatures below 20° the tendency to form an emulsion is 
greater, and more time is required for separation of the layers; 
at temperatures above 25° the evaporation of ether introduces a 
large error. 

Practically the same results are obtained with smaller volumes, 
when the same aqueous solution-ether ratio, with smaller separa- 
tory funnels and with more dilute NaOH, is kept. The constant 
is practically the same also with larger quantities of acid which 
require the use of 0.1 n NaOH. 

Constants have also been determined with other aqueous solu- 
tion-ether ratios. The following constants were obtained with a 
1:1 aqueous solution-ether ratio, acetic acid 73.5, propionic acid 
42.4, butyric acid 18.2, crotonic acid 25.6, isobutyric acid 16.8. 

* For discussions of methods for the calculation of constants and their 


application to mixtures of fatty acid, the reader is referred to the papers by 
Werkman (3) and Werkman and Osburn (4). 
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The differences in the constants for acetic, propionic, and butyric 
acids are somewhat higher with the 1:1 ratio. However, the 
difference between the constants for butyric and caproic acids is 
‘considerably smaller. 

Formic Acid—Practically all of the methods for the determina- 
tion of formic acid depend upon its oxidation by either KMn0, 
or HgCl. KMn0O, readily oxidizes a great many substances 
besides formic acid, and for this reason it should not be used on 
distillates from biological materials. On the other hand HgCl, 
in slightly acid solution oxidizes relatively few substances. Alde- 
hydes and ketones form insoluble salts, which may introduce an 
error when the precipitate is weighed; they do not markedly inter- 
fere when the extent of the reduction after several hours of heating 
is determined iodometrically, or when the CO, produced by the 
oxidation is determined. In the writer’s experience the most 
likely substance to interfere is pyruvic acid, which fortunately is 
present in very small quantity, if at all, in most materials, 
With the possible exception of pyruvic acid, therefore, the oxida- 
tion of distillates with HgCl, is quite specific for formic acid. 

Gravimetric and iodometric methods fail when the quantity of 
acid is very small. With slight changes, the method of Werk- 
man (3) can be adapted for determination of the CO,. The 
apparatus and absorption tower recommended are those of Friede- 
mann and Kendall (8). The oxidation is carried out with HgCh 
or HgSO,, solutions of which are added through the separatory 
funnel. The procedure, although highly specific, requires con- 
siderable skill and is time-consuming. 

The following procedure is simpler, although somewhat less 
specific. The steam distillate is redistilled with H,SO,, MgSO, 
and talcum, but without HgO, as already described. This re 
moves lactic acid and most of the pyruvic acid. The distillation 
is discontinued when the residue becomes syrupy or begins to 
crystallize. 25 cc. of water are then added through the side tube 
and the distillation is continued. Two or three more additions of 
25 ce. each are made. The distillate is collected in another 500 
ee. round bottom distillation flask. It is thoroughly aerated and 
then titrated with 0.01 n NaOH (aqueous sodium phenolphthal- 
einate is preferred to the alcoholic solution). The residue from 
the titration is then redistilled from H,SO.-MgSO,-Hg0, aerated, 
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and again titrated. The difference between the two titrations 
(minus blanks) represents formic acid removed by the HgO. 
Identification of Volatile Acids in Distillate—Neither the Du- 
claux titration nor the distribution constant alone suffices for 
the identification of individual acids in an unknown mixture, as 
is illustrated by the following analyses of urine. An acidified 
24 hour sample, 2255 cc., was steam-distilled with 100 gm. of 
Na:WO, and 150 cc. of 10 nN H,SO, in an all-glass apparatus. 6 
volumes of distillate were collected. The distillate was made 
strongly alkaline and was then evaporated to a small volume on 
the steam bath. The results after two distillations from H,SO,- 
MgSO,-HgO were as follows: total volatile acids, 0.96 cc. N; 
K,75.2. The constant indicates the presence of acetic acid, since 
the determined K is greater than that of other fatty acids, but it 
gives no clue as to the identity of the other acids. Another 24 
hour sample, 625 cc., was similarly distilled. The final distillate 
was collected in five fractions, 25, 25, 25, 25, 50, and +40 cc. 
These contained 13.5, 12.8, 12.9, 13.7, 32.1, and 23.4 cc. of 0.01 n 
acid respectively, or a total of 1.08 cc. n. The percentages of 
volatile acid in each of the distillates were 12.5, 11.8, 11.9, 12.6, 
29.6, and 21.6. A third 24 hour sample, 955 cc., contained 
0.76 cc. of N acid; the percentages of acid in each of four final 
fractions (50, 50, 50, +40 cc.) were 24.5, 24.3, 28.5, and 22.7. 
Both of these fractional distillations (Duclaux) agree, within the 
limits of error, with the results obtained on distillation of pure 
acetic acid (Table I). It might be concluded, therefore, that 
these samples of urine contained only acetic acid. However, 
determinations of K on the same distillates indicate the presence 
of other acids. Thus the values for K of the six fractions of Sam- 
ple 2 were 67.1, 77.0, 79.4, 78.5, 76.4, 72.1. For Sample 3, K 
for each of the four fractions was 70.9, 81.3, 82.4, 78.4. These 
determinations of K, together with the Duclaux titrations, un- 
questionably point to the presence of acetic acid in urine. Of the 
other acids, some are apparently slightly more volatile than acetic 
acid and others less volatile; and their constants are considerably 
lower than that of acetic acid, as can be inferred from the fact 
that K rapidly rises to a maximum and then diminishes. These 
analyses are cited to emphasize the point that the determination of 
K of serial distillates and the Duclauz titration together are a valuable 
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aid in the identification of individual acids. Even in the case of 
urine it was possible thus to identify acetic acid with a fair degree 
of certainty and to obtain a clue as to some of the properties of 
the other volatile acids. 

Fortunately most biochemical materials contain only a fey 
volatile acids. Thus, the commoner pathogenic bacteria produce 
only acetic acid (Table IV), which is identified by the exact 
agreement of the Duclaux titration with that for pure acetic 
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TaBLe II ' 
Rate of Distillation and Distribution Constants of Serial Distillates 
Volatile acids, cc. of 0.01 N equivalents: acetic 25.2, propionic 2%), 7 | 
butyric 21.1. 6 
Ist | 2nd 3rd th c 
$ | 50 ce. | 50 cc. 50 ce. = t 
i Acids sz| (sz! [sgl [sel 1 

o | | | 
Z $5] x |g] x lB x |B ‘ 
- dls 3 a 

e| 2 2 Oe 

1 | Acetic, propionic 3470.0) 27'72.7 25/784 148 ti 
2 “ butyric 42\47 .8| 27'59.3| 19| 12 | & bi 
3 >i “ 42 48.7| 2860.7, 1981.0) 11 | 8 be 
4 = ‘*  eaproic (7.7 cc.) 5035.6) 2460.8) 1680.7) 10 | #7 ar 

5 | Propionic, butyric 53/46 .2) 33 50.2 1358.3 1|? 
6 | Acetic, propionic, butyric, caproic | 4447.2) 2860.1) 1971.4, 9/8 e 
(3.8 ec.) | | | th 
7 | Acetic, propionic, butyric, caproic | 48 40.6) 2760.1) 1772.2) 8|®% frs 
| (3.8 ec.), caprylic (6.0 ec.) | | II 
ue por 7 co 
acid and K exactly equal to that for pure acetic acid for each to 
H the serial distillates.* Meat extract and meat infusion culture cet 
media contain principally acetic and butyric acids. Some bac fox 
; teria produce acetic and propionic acids; others produce acetit on 
f and butyric acids. Mixtures of three or more acids are rarely the 
i encountered. 21. 
f The method of identification of acids in a mixture containing of 
only two volatile acids will be briefly described. Examples wil - 
be taken from Table II, which shows results of titrations and = 


* After correcting for the acids in the uninoculated culture medium. the 


YROD Pe een gE mentee. 








—- 


2.2 


#37 


- 


Re oh ct 


BR e~anaal 





Bae 2886 | 


a 


- 








T. E. Friedemann 175 


determinations of K of serial distillates. By inspection of the 
values for K, it will be noted that the initial K, in the case of the 
acetic-propionic acid mixture, is above 63.0, that K increases 
slowly, and that it never reaches the value characteristic for acetic 
acid, 87. In the case of the acetic-butyric acid mixture, the 
initial K is low; it increases rapidly in subsequent fractions and in 
the final fraction attains a value of 87. Results of Distillation 3, 
made several days later, are included in Table II to indicate the 
extent of variations in duplicate samples. In the case of a propi- 
onice-butyric acid mixture most of the acid is found in the first 
100 ce. of the distillate, since both are rapidly volatilized; the 
last fraction contains practically no acid. The initial K is below 
63.0; it rises slowly, and never goes above 63.0. Caproic and 
caprylic acids distil over in the first 50 cc. of distillate. All of 
the results of Table II can be predicted from the data shown in 
Table I. It is thus possible by inspection of the data to identify 
the acids fairly accurately. A few simple calculations suffice for a 
more complete identification. 

Although, in the case of Distillation 1, the results by inspec- 
tion point to the presence of acetic and propionic acids, the possi- 
bility of the presence of acetic and butyric acids will nevertheless 
be considered. K, 70.0, of the first 50 cc. fraction corresponds to 
an acetic to butyric acid ratio of 69:31. The calculated acetic 
acid content is therefore 23.5 per cent of the total acid present in 
the sample, and the butyric acid content is 10.5 per cent. This 
fraction therefore contains 34 per cent of the total acid (see Table 
Il). From K, 72.7, of the second 50 cc. fraction, acetic acid 
constitutes 20.0 per cent and butyric acid 7.0 per cent of the 
total acid of the sample. The third fraction contains 21.3 per 
cent of the acid as acetic and 3.8 per cent as butyric acid. The 
fourth fraction contains 13.6 per cent of the acid as acetic and 
only 0.4 per cent as butyric acid. According to the calculations, 
therefore, 78.3 per cent of the total volatile acid is acetic acid and 
21.7 per cent is butyric acid. The calculated rates of distillation 
of these acids expressed in per cent of the total of each acid are 
as follows: acetic acid, 30, 26, 27, 17; butyric acid, 49, 32, 18, 2. 
None of these rates corresponds with the data for acetic and 
butyric acids shown in Table I. On the other hand, by assuming 
the presence of acetic and propionic acids, the calculated rates of 
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distillation are, for acetic acid, 20, 22, 32, 26; for propionic acid, 
49, 32, 17, 2. Both of these calculated rates agree fairly closely 
with the rates determined for the pure acids. Similar calculations 
in the case of Distillation 3, assuming the presence of acetic and 
butyric acids, yield results as follows: acetic acid, 22, 27, 31, 20; 
butyric acid, 66, 30, 4,0. Both of these rates agree fairly closely 
with the rates determined for acetic and butyric acids. 
Quantitative Determination of Two or Three Volatile Acids—If 
only two acids are present, the determination of K and the total 
acidity of the entire distillate determine accurately the quantity 
of each present. The relative quantity of the acids can be deter- 


mined most conveniently from a graph. Thus, in the case of - 


butyric and acetic acids, the curve is determined by a line drawn 
from the point 33.0, 100 butyric or 0.0 acetic to the point 86.5, 
0.0 butyric or 100 acetic. On this curve, for example, K = 700 
corresponds to a mixture consisting of 69.3 per cent acetic and 
30.7 per cent butyric acid. 

With samples which contain three volatile acids, two determina- 
tions of K are necessary, as pointed out by Osburn and Werkman. 
These authors extract one aliquot of the total distillate with 
ethyl ether and another with isopropyl ether. If, however, it 
is desired to use only ethyl ether, the following procedure, which 
has an accuracy of +5 per cent is recommended. Two fractions, 
one consisting of the first 100 cc. of distillate and the other con- 
sisting of the remainder of the distillate, are collected and the 
volumes are brought to the mark. K, and Kg represent the re- 
spective distribution constants of the first and second fractions; 
X, and X; represent their respective calculated total acidities. 
To illustrate the calculations the presence of acetic, propionic, 
and butyric acids will be assumed. Then A, P, and B represent 
the total quantity of each present in the two distillates. The 
rates of distillation of the acids from the mixture are assumed to 
be the same as shown in Table I. 


Then 
0.49 X 86.54 0.81 x 63P | 0.98 x 33B 
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0.51X 86.54 0.19X63P 0.02 x 33B 
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and 


A+P+B=X,+2X: 
When solved for A, P, and B, 


A= 0.505(X, + X,) — 0.0162 K,X, + 0.0268 K,X, 
P = — 1.998 (X, a X;) oa 0.0622 K,X, —_ 0.0145 K,X; 
B= 2.495(X, + X:) — 0.0460 K, X, — 0.0123 K,X; 


In the case of samples which contain acetic, butyric, and other 
higher volatile fatty acids (Cs, Cs, etc.), the calculations may be 
made as follows: A and B, as before, represent the total quantity 
of acetic and butyric acids in the two distillates. C similarly repre- 
sents all of the higher fatty acids. This is possible in the calcu- 
lations, since their distribution constants are very small. An 
average K of 2.0 may be assumed. 


Then 


0.49 X 86.5A + 0.98 X 33B + 1.00 x 2C 
Xi Xi xX, 


0.51 X 86.54 + 0.02 X 33B 
xX: xX: 


A+B+C=X,+X; 
When solved for A, B, and C, 


A= 0.0017 (X, + X:) — 0.0005 K,X, + 0.0232 K,X,* 
B = —0.0674(X, + X:) + 0.0337 K,X, — 0.0309 K,X; 
C= 1.065 (X, + X,) — 0.0331 K,X, + 0.0077 K,X; 
* The first two members of the equation yield such small numerical 


values that they can be disregarded in most computations. Therefore, 
A = 0.0232 K,X;. 


Distillation of Alcohols from Biological Materials—5 to 25 cc. 
or gm. of the sample are introduced into a 500 cc. round bottom 
flask (Fig. 2) which contains approximately 100 cc. of HzO and 
10 cc. of HgSO, solution. This is followed by 15 cc. of tungstate,’ 
which is added with rotation of the flask. Enough water is added 
to bring the volume to about 200 cc. The flask is connected to 


‘In the case of blood, larger volumes of the precipitating reagents should 
be added for samples greater than 5.0 ce. 
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the apparatus and the ground glass connection is wetted. 100 
cc. or more of distillate are collected in another round bottom 
flask. 5 cc. of HgSO, and an excess of Ca(OH): are now added, 
after which the flask is stoppered and vigorously shaken. The 
stopper is washed with a small amount of water and the volume 
is brought to about 150 cc. The sample is redistilled into a 100 
ec. glass-stoppered volumetric flask. If it is known that only 
one alcohol is present, the alcohol can be determined directly on 
an aliquot by the method of Friedemann and Klaas or by any 
other oxidimetric method. 

Distillations should be carried out until one-half or more has 
been distilled. The first distillation prevents the distillation of 
volatile amino compounds and a considerable part of the acetone 
and aldehydes. The second distillation removes most of the 
phenols, from 96 to 99 per cent of the aldehydes, and almost 
completely removes acetone. If large quantities of acetone are 
present, it may be necessary to distil again from alkaline Hg0. 
The odoriferous substances of urine, soil, etc., and many unsatu- 
rated volatile substances are not removed completely by the 
reagents of the first two distillations. However, they are effec- 
tively removed by distillation with acid KMnO.,-MnS0O, (9). 
Approximately 10 cc. of a 10 per cent solution of MnS0O, in yn 
H,S0, for each 100 cc. of distillate, 5 ec. of 0.1 Nn KMnQ,, and tal- 
cum are added. Distillation without MnS0O, results in a con- 
siderable loss of alcohol. The maximum of alcohol lost in each 
distillation is about 1 per cent. 

Oxidation of Alcohols and Determination of Distribution Con- 
stants—To the distillate (about 80 cc.) are added 10 cc. of 20N 
H,SO, and an excess of powdered K,Cr.0;. The contents are 
mixed until solution of the KeCr.0; is complete. The stem of the 
flask and the glass stopper are wetted with the solution. It is 
then either allowed to stand overnight at room temperature or 
the flask may be warmed in a water bath. The contents are now 
transferred to a 500 ce. round bottom distilling flask (Fig. 2). 
The volume is brought to 200 cc.; 50 gm. of MgSO, and taleum 
are added. The distillation is carried out as in the case of volatile 
acids already described. The flame should be removed for & 
short time when the solution comes to boiling. It is then slowly 
brought to boiling, after which distillation is rapidly carried to 
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completion. The distillation should be discontinued at the first 
sign of crystallization in the bottom of the flask. The distillate 
is collected in a 250 cc. volumetric flask. 

Titration of the volatile acid and determination of the dis- 
tribution constant, K, are made as already described. 

Methyl! alcohol is oxidized to formic acid. If its presence is 
suspected, the entire distillate should be aerated and titrated 
(aqueous sodium phenolphthaleinate is preferred to the alcoholic 
solution). It should then be redistilled from acid MgSO,-HgO 
to remove the formic acid. The difference in acid content deter- 
mines the methyl! alcohol. The formic acid yield is not quanti- 
tative. Isopropyl alcohol is oxidized largely to acetone (4). 
If its presence is suspected, the distillate is cooled and an aliquot 
is distilled into cold distilled water. The delivery tube should 
dip below the surface of the water. Acetone is then determined 
by the Messinger method as modified by Hubbard (10). 

Ethyl alcohol is oxidized quantitatively to acetic acid; K = 86.5. 
Propyl and butyl alcohols, however, are not quantitatively oxi- 
dized to the respective acids. Thus, only 70 per cent of propyl 
alcohol, oxidized at room temperature, is recovered as propionic 
acid; 30 per cent is oxidized to acetic acid and CO,.; K = 70 + 1. 
Under the same conditions, butyl alcohol yields butyric and acetic 
acids in the same ratio, namely 70 to 30; K = 49+ 1. Werk- 
man and Osburn obtain higher yields by refluxing. The differ- 
ence is due to some extent to the temperature at which the oxi- 
dation is carried out. 

Calculations—In a sample which contains two alcohols, the rela- 
tive quantity of each is most conveniently determined from a 
graph (3, 4). Thus in the case of butyl and ethyl alcohols, the 
curve is determined by a line drawn from the point 49, 100 butyl 
or 0.0 ethyl alcohol to the point 86.5, 0.0 buty! or 100 ethyl 
alcohol. 

Identification of Alcohols—The original double distillation with 
HgSO,, the first from acid and the second from alkaline solution, 
prevents the distillation of volatile acids. It also eliminates many 
substances which on oxidation with chromic acid yield volatile 
acids. A distribution constant of 86 to 87 therefore identifies ethyl 
alcohol (see Table III). According to Werkman and Osburn, 
the oxidation of propyl and butyl alcohols by chromic acid does 
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not yield formic acid. When such oxidation mixtures are distilled 
in the usual manner and titrated, redistilled from acid MgSO, 
HgO, and again titrated, no marked differences are noted between 
the two titrations. The loss on redistillation of acetic, propionic, 
and butyric acids is rarely greater than 1 per cent. A marked 
difference points to the presence of formic acid which is derived 
from methyl alcohol. Since the original double distillation re- 
moves preformed acetone almost quantitatively, the presence of 


Tasie III 
Determination of Alcohol in Blood 





Procedure of present paper,t 5 cc. sample 
































Alcohol by Si distillation f Double distillation: 
‘Friedemann-| - NasWOr-HgSO. redistiled teow Sieien taeo 
Sample No. | method,* : 
| lee. sample| Aliquot | Aliquot | 
titration |Calculated K titration Calculated K 
minus alcohol minus alcohol 
blank blank 
(1) (2) (3) (4) (5) (6) (7) (8) 
mg. per cent | ce. — ce, “a 
1 36 1.73 40 87 1.80 42 90 
2 147 6.33 147 87.2 6.54 152 87.5 
3 167 7.46 | 173 | 87.1 | 7.36 | 170 | 87.2 
4 277 | 11.95 | 278 87.0 11.81 274 86.9 
5 324 | 13.82 | 321 | 87.2 | 13.98 | 325 | 87.1 








* Three 1.0 cc. samples distilled from Na;WO,-HgSO,. The results repre- 
sent the averages of single determinations on each of the three distillates. 

5.0 cc. sample. Total volume of final distillate 250 cc.; 100 ce. aliquot 
titrated with 0.0101 n NaOH; 100 cc. aliquot extracted with ether before 
titration. 


acetone in the chromic acid mixture identifies isopropyl alcohol. 
Distribution constants below 86 point to the presence of other 
acids. Identification of the acids also identifies the alcohols. 
Quantitative Determination of Alcohol in Blood—Results of analy- 
ses of blood by the procedure described are shown in Table IIL. 
Two 5 cc. samples were distilled from NazWO,-HgSO,. One of the 
distillates was immediately oxidized by chromic acid; the other 
was redistilled from alkaline HgO, and then oxidized. The final 
volume of distillate was 250 cc., of which 100 cc. were titrated 
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directly with 0.0101 n NaOH and 100 cc. were extracted with 50 
ec. of ether before titration. The results of the first titration 
(Columns 3 and 6) varied from 1.73 to 13.98 cc. The calculated 
alcohol content of the samples (Columns 4 and 7) varied from 
40 to 325 mg. per cent. Results of ether extraction are not 
shown, but the results of calculation of K are shown in Columns 
5and 8. Blood was also analyzed by the more rapid and sensi- 
tive method of Friedemann and Klaas. Because of the limited 
quantity of blood available, 1 cc. samples were distilled. 

The close agreement of the results in Columns 4 and 7 with the 
results obtained by the method of Friedemann and Klaas (Col- 
umn 2) demonstrates the reliability of the procedure. The double 
distillation (Columns 6 and 7) involves no apparent loss of alcohol 
(compare with Columns 3 and 4). The distribution constants 
(which are slightly higher than usual) definitely establish the sole 
presence of ethyl] alcohol in all of the samples. Thus alcohol is not 
only identified but is also quantitatively determined with a fair degree 
of accuracy. With a5cc. sample, the minimum alcohol concentra- 
tion at which the method is still reliable is about 50 mg. per cent. 

Volatile Acids and Alcohol in Cultures of Pathogenic Bacteria— 
The reliability of the procedures for alcohols and volatile acids, 
as applied to complex culture media, can be seen from the fol- 
lowing experiment. 

Table IV contains data for the volatile acids and alcohol 
produced by a representative group of pathogenic microorganisms. 
This includes organisms of the colon-typhoid group, streptococci, 
staphylococci, and pneumococci. The organisms were grown 
on meat infusion to which had been added 1 per cent of pep- 
tone, 0.75 per cent of NasHPO,, 1 per cent of glucose, and 2 
per cent of serum. The initial reaction was pH 7.6. The cul- 
tures were incubated 24 hours at 37.5°, after which they were 
sterilized by an exactly 0.1 volume of n H,SO,. All data shown in 
Table IV are corrected by a blank; i.e., an inoculated medium 
which was immediately acidified. 

Results of alcohol determination by two methods are shown in 
Columns 2, 3, and 4 (Table IV). The distribution constant (Col- 
umn 2) in every instance agreed with the constant of acetic acid. 
These organisms therefore produced only ethyl alcohol. Results 
obtained by the Friedemann and Klaas method (Column 4) are 
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in fair agreement with the results obtained by the procedure of or 
the present paper (Column 3). ec 
The volatile acids were determined by two methods (Columns fr 
5 to 8), (a) by the procedure of the present paper, with 5 to 19 Fi 
ec. samples, and (6) by a macromethod in which a 100 ce. sample by 
sn 
Tasie IV 0 
Volatile Acid and Alcohol Produced by Pathogenic Bacteria in ca 
Carbohydrate-Rich Media yi 
The results in Columns 3, 4, 6, and 7 are expressed as mM per liter; ce 
in Column 8 as cc. of N acid per liter. ol 
Aleohol Volatile acids th 
Procedure of ee) by 
present paper, see, Procedure of M 
eetiihe | culate to hol by present paper | 100 cc. sample de 
} a! |OClCO ee eu 
mann- a | Other 
Klaas Vola- . 
K_ | Alco- method! K tile acid) Formic) vole 
bal tia “sci ala 
(1) (2) 3 | «@ | ® | ® | @m i] @ 
- - — —— —_—__— —_— a! —— - ———— — de 
Pneumococcus, Type II 86.2 | 12.2 85.6 | 12.7 | 25.2) 11.7 F 
“ “ TIL. .| 87.6 | 4.6 85.9) 4.5 | 10.3| 511 ’ 
Vibrio cholerz............. 86.5 | 16.3 | 16.8 | 87.4 | 13.2 | 29.9| 128 po 
Bacillus dysenterixz, Flex- 
BSS c ac chtinbene ees’ 86.6 | 13.9 | 13.8 | 88.3 | 14.3 | 27.2 | 41 Tes 
Bacillus typhosus......... 85.7 | 17.9 87.6 17.2 | 36.6 17.3 by 
se typhi murium.....| 86.5 | 20.2 | 20.4 | 17.4 | 15.6 th 
" enteritidis.........| 86.8 | 16.7 | 17.0 | 88.6 | 12.8 | 11.2 | 184 
“ — gwipestifer....... 87.0 | 14.3 | 14.8 | 87.6 | 14.0 | 13.3 | 185 st 
Friedlander’s bacillus......| 86.0 | 18.9 | 87.9 | 16.2 | 9.8 | 164 | 
Bacillus coli.............. 85.9 | 20.6 87.6 | 18.7| 8.9 | 187 we 
" paratyphosus B...| 87.1 | 21.3 | 21.9 | 87.1 | 17.3) 3.8 | 169 tu: 
" acidi lactici.......| 86.0 | 23.6 | 87.1 | 16.6 0.6% 17.1 ol 
Staphylococcus aureus .....| 87.1 | 7.4] 91? | 0.5 | 
ee “ (86.1) 4.2 0.3 hei 
Streptococcus hemolyticus..| 84.5 0.3 84.9 | 0.7 | me 
is - 5 ..| 87.8 | 0.4 85.5 1.2 on 
Re BEL 
was distilled. In the latter procedure a larger apparatus wa 
used, 1000 cc. of distillate were collected, and the volatile acid ¢ 
was titrated with 0.1 Nn NaOH. The distribution constant (Col 3 
umn 5) in every instance agreed with the constant for acetit 
acid. Thus, of the volatile acids not removed by acid Hg0O, thes 
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organisms produced only acetic acid. Most of the cultures also 
contained formic acid. This was determined in the distillate 
from the 100 cc. sample by the method of Franzen and Greve and 
Fincke (11). The precipitated HgCl was titrated iodometrically 
by the method of Utkin-Ljubowzoff (12). The results are very 
small and of doubtful value in the streptococcus and staphylo- 
ecoceus cultures; they are therefore not shown. However, in the 
ease of the colon-typhoid organisms and the pneumococcus, which 
yielded larger quantities of volatile acids, the results by the pro- 
cedure here described (Column 6) agree fairly well with those 
obtained by the macromethod (Column 8). The agreement of 
the results by the procedures here described with those obtained 
by other methods and the consistency of the results as a whole 
demonstrate the applicability of these procedures to complex 
culture media. 


SUMMARY 


Procedures are described for the identification and quantitative 
determination of minute quantities of volatile alcohols and acids. 
For a brief summary of the essential steps see the introductory 
portion. 

The determination of alcohol in 5 ce. samples of blood yields 
results which agree closely with results obtained on 1 cc. samples 
by the method of Friedemann and Klaas. With 5 cc. samples, 
the minimum concentration of alcohol at which the method is 
still reliable is about 50 mg. per cent. 

Determinations of alcohol and volatile acids in culture media 
were made to demonstrate the reliability of the methods. Cul- 
tures of the pneumococcus, Vibrio cholerx, nine organisms of the 
colon-typhoid group, Staphylococcus aureus, and Streptococcus 
hemolyticus were analyzed. The only alcohol produced by their 
metabolism in carbohydrate-rich media is ethyl alcohol; and the 
only volatile acid (not removed by HgQO) is acetic acid. 
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STUDIES IN MINERAL METABOLISM WITH THE AID 
OF ARTIFICIAL RADIOACTIVE ISOTOPES* 


I. ABSORPTION, DISTRIBUTION, AND EXCRETION OF 
PHOSPHORUS 


By WALDO E. COHN anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California Medical 
School, Berkeley) 


(Received for publication, November 29, 1937) 


Prior to 1935, studies on the absorption of phosphorus were 
carried out either by the use of intestinal fistulas, or by the addi- 
tion of an inactive unabsorbed marker to the food, such as iron 
oxide in the method of Bergeim (1). Recently the excretion of 
calcium and phosphorus into the large intestine of the rabbit has 
been studied by Cowell (2) by means of the differential analysis 
of fecal pellets and changes in the concentrations of these ele- 
ments from cecum to anus. With the discovery of induced radio- 
activity (3), and the preparation of the radioactive phosphorus 
isotope of atomic weight 32 (4), it has become possible to investi- 
gate the rates of absorption, distribution, and excretion of phos- 
phorus, and the percentages involved. One can now distinguish 
the administered phosphorus from that present in the animal 
under investigation (5, 6). 

Hevesy, in 1923, demonstrated the use of radioactive isotopes 
4% indicators in biological investigations (7), and Chiewitz and 
Hevesy were the first to use the P® isotope in studies of phos- 
phorus metabolism (6, 8). Since then, with the invention and 
development of the “cyclotron” by Lawrence and collaborators 
(9, 10), and the resultant availability of “radiophosphorus,” 
work has been published on certain phases of phosphorus storage 
and elimination (6, 8, 11-13), on the rate of phospholipid syn- 
thesis (14-17), and upon the locale of this synthesis (17). 


* Aided by a grant from the Division of Natural Sciences of the Rocke- 
feller Foundation. 
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In the majority of these studies measurements were not made 
until 1 or more days had elapsed following the phosphate ad. 
ministration, at which time the phosphorus administered had 
reached a relatively steady state with respect to that formerly 
present in the animal. In only one case (13) had the rates of 
absorption and excretion, which occur mainly in the first 24 hours, 
been investigated. Accordingly, most of the present work has 
been confined to the changes occurring in the first 48 hours fol. 
lowing the administration, orally or by intraperitoneal injection, 
of a single dose of neutral sodium phosphate, particular attention 
being paid to the rate and amount of excretion and the initial 
movements and storage of the phosphorus. 


Methods 


The animals used were rats weighing from 220 to 300 gm. and 
falling into two age groups of 70 to 100 and 100 to 130 days, 
respectively, at the time of use. Each animal was fasted 12 hour 
before being given the dose of phosphate. 1 or 2 hours after 
administration of the phosphate the rat was given access to food. 

The radiophosphorus was prepared from ordinary red phos 
phorus by bombardment with deuterons in the cyclotron of the 
Radiation Laboratory of the University of California. After 
the bombardment the sample was digested with dilute HCl to 
remove traces of aluminum, filtered, and then oxidized to H,P0, 
with 8 Nn HNO;. This was evaporated on a steam bath and the 
excess HNO; decomposed with concentrated HCl. The solution 
was again evaporated, diluted, and neutralized with NaOH 
(heavy metals, if present, were precipitated with H.S) to a pH 
of about 8; 7.e., acid to phenolphthalein and alkaline to litmus. 
The resultant phosphate solution was made up to such a concen- 
tration that 1 ml. contained around 1000 to 2000 times the mini- 
mum quantity of P® which could be detected on the electroscope. 
This volume constituted a single dose. The amount of phosphate 
given per dose was therefore dependent upon the relative radio 
activity of the sample used and the sensitivity of the measuring 
device. In these experiments the dose varied from 4.5 to 13 mg. 
of phosphorus. 

After administration of the phosphate, each animal was placed 
in a separate cage over a urine-feces separator (18). At the end 
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of the desired period, measured from the time of administration, 
the animal was anesthetized with chloroform and bled by heart 
puncture, following which the tissues to be examined were dis- 
sected out. These tissues and the urine, feces, and blood samples 
were then ashed with Mg(NOs)2 at 500° (19). The ash was dis- 
solved in HCl or HNO;, and the phosphate in an aliquot contain- 
ing about 5 mg. of P was precipitated, first as ammonium phos- 
phomolybdate, then as magnesium ammonium phosphate (19). 
The MgNH,PO,-6H:0 was filtered through a Whatman No. 50 
filter paper, dried at 120-140°, and transferred quantitatively to 
a3 X 4cm. copper tray. The filter paper was ashed and added 
to this and the whole was then spread uniformly over the surface 
of the tray. This precaution, and the use of 5 mg. aliquots of 
phosphorus in each case, kept the error due to self-absorption of 
6-rays at a low, and nearly constant level, for the thickness of the 
measured powder was only a fraction of a mm. Radioactivity 
was measured by means of a Lauritsen electroscope in which an 
aluminum foil window had been inserted. Aliquots of the solution 
of phosphate administered, equal in phosphorus content to the 
unknown samples, were analyzed in the same manner for P®, and 
served as the standard of comparison for the unknown samples. 

The radioactivity was measured in arbitrary units and, after 
correction for decay, is expressed in terms of the per cent of the 
radioactivity of the administered phosphate. Total phosphorus, 
when it was measured, was determined on the ash by the colori- 
metric method of Fiske and Subbarow (20), as modified by 
King (21). 

The experiments carried out here were divided into four series. 
Series I consisted of sixteen rats of the older group which were 
given the phosphate by stomach tube. Series II consisted of 
eight rats of the same age group which received the phosphate 
by intraperitoneal injection. In Series III four rats of the 
younger group were given the phosphate by stomach tube. Series 


IV was a study of excretion in both age groups, the phosphate 


being administered by stomach tube, by intraperitoneal injection, 
or mixed with food. Urine and feces were collected at short 
intervals and analyzed separately for about 5 days thereafter. 

Rats in Series I received 6 to 13 mg. of P, the majority (ten out 
of sixteen) receiving 12 mg. of P. The animals in Series II and 
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III received 4.5 mg. of P (a stronger sample of P*® was used here), 
while those in the experiments on excretion in Series IV received 
from 4.5 to 28 mg. of P. 


Results 


Absorption—In Fig. 1 is plotted the percentage of unabsorbed 
phosphorus found in the gastrointestinal tracts of the rats of 
Series I and III. In Series I the rats were given access to food 
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Fie. 1. Residual radiophosphorus in the gastrointestinal tract after 
oral administration. The solid symbols represent those animals given 
access to food 1 hour after administration of the phosphate dose; the open 
symbols those for which 2 hours elapsed. 
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1 hour after administration of the phosphate, which may or may 
not be the reason for the delayed absorption as compared to the 
rats of Series III where 2 hours elapsed. 
The unabsorbed phosphorus was calculated by subtracting the 
amounts found in each section of the gut of animals which had 
been injected intraperitoneally with the same amount of phos 
phate and killed following the same time interval. In other 
words, the values in Series II (varying from 0.5 to 2 per cent) 
were subtracted from the corresponding values in Series I and 
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[lI in order to correct the latter for radiophosphorus secreted or 
excreted into the intestines from previously absorbed material. 

The major portion of the absorption occurs within the first 2 
hours and the stomach is usually empty of radiophosphorus within 
4hours. In no case was any unabsorbed radiophosphorus found 
in the stomach at or after 8 hours. The small intestine naturally 
is cleared more slowly of phosphorus, but in only one case (at 
9 hours) was any unabsorbed radiophosphorus found in the small 
intestine after 8 hours. 

Although not yet appearing in the feces, radiophosphorus is 
found in the large intestine and cecum within 2 hours after ad- 
ministration. These figures also represent only unabsorbed ma- 
terial, having been corrected for the amount excreted from the 
blood into the large intestine as estimated fromSeries II. Within 
4 hours after ingestion, the major portion of the administered 
radiophosphorus not retained by the tissues has found its way 
into the urine and contents of the large intestine. 

Distribution—The major portion of the absorbed phosphorus 
is taken up by the muscle and bone, as might be expected from 
their relative mass and high phosphorus content, respectively. 
The amounts involved could not be estimated very accurately 
owing to the errors involved in sampling and measuring a small 
aliquot. Muscley on the basis of the analysis of one gastroc- 
nemius in each animal, and assuming a muscle content of 43 
per cent of the body weight (21), took up about 15 per cent in 
4 hours. Subsequently the amount diminished slowly to about 
10 to 12 per cent in 150 hours. From femur analyses, assuming 
this to represent the 6.1 per cent of bone in the rat (21), bone 
attains a value of 20 to 25 per cent in 2 to 4 hours, dropping to 
around 15 per cent after 150 hours. After 4 to 8 hours the car- 
cass, by which is meant the residue after removal of the viscera 
and their contents but including both muscle and bone, contained 
amaximum of about 60 to 65 per cent of the absorbed phosphorus, 
following which there is a drop to 50 or 55 per cent in 48 hours. 

Among the viscera, liver takes up the largest fraction of the 
absorbed phosphorus, followed by the stomach and small intes- 
tine (considered together). The accumulation and withdrawal 
from these organs are shown in Fig. 2 in terms of per cent of phos- 
phorus injected intraperitoneally (curve JP) and per cent of phos- 
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phorus given by stomach tube (curve ST). When the latter 
values are corrected for the amounts not absorbed from the in- 
testinal tract, they approach the values found in the injection 
series. Recent work has shown that the small intestine accounts 
for most of the total. 

Over half of the phosphorus accumulating in the liver in the 
first 6 hours is in the form of newly synthesized phospholipid, 
as shown by Perlman, Ruben, and Chaikoff (17). Only a very 
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Fig. 2. Retention of radiophosphorus in liver and in stomach and small 
intestine when given orally (S7’) and when injected intraperitoneally (JP). 
The open circles represent the points of Series I and III in terms of per cent 
of absorbed radiophosphorus. 


small portion of this can be due to the blood in the liver, as the 
blood at no time contains more than 4 per cent of the total radio- 
phosphorus in its entire volume. 

Stomach and small intestine show differently shaped curves for 
the two types of administration. The sharp rise and abrupt fall 
obtained when the phosphate is given by stomach tube may be 
explained by the superimposition of absorption upon accumula- 
tion. This may also explain the very high values found during 
the period of 2 to 4 hours when the figures are expressed in terms 
of the amount of phosphorus absorbed as compared to the data 
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from the injection method. In these tissues, as in liver, a large 
part of the radiophosphorus found is in the form of phospho- 
lipid (17). 

The per cent of absorbed radiophosphorus found in the blood 
varied inconsistently from 2.6 to 4.0 per cent after 2 hours to 
around 1 per cent after 48 hours had elapsed. 

In Fig. 3 are plotted the radiophosphorus contents of kidneys, 
jungs, heart, and brain. Owing to the small amounts no high 
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Fic. 3. Retention of radiophosphorus by kidneys, lungs, heart, and brain 
in per cent of absorbed radiophosphorus. Curves 1, 2, 5, 6, radiophos- 
phorus in whole organ; Curves 3, 4, 7, 8, radiophosphorus per gm. of fresh 


tissue. 


degree of accuracy is claimed for these measurements; they are 
included to show the general trends and approximate affinities 
of these organs for absorbed phosphate. Of interest are the re- 
tentions of phosphorus by kidney and brain. The former shows 
& rapid rise and a fairly rapid fall in radiophosphorus content, 
but the fall is not so rapid as is that of the urinary excretion. 
Brain shows a lag in accumulation and a very slow turnover of 
phosphate, a fact noted by Artom et al. (14). 

More important than the phosphorus retention of the whole 

















192 Phosphorus Metabolism 


of a particular tissue or organ is the “specific affinity;” 7.e., the 
retention (in per cent of absorbed radiophosphorus) per gm. of 
the fresh tissue. Only when the foregoing figures have beep 
reduced to this basis, can the retentions of the different tissues be 
rightly compared. These are given in Figs. 3 and 4. 

As noted in the cases of kidneys, lungs, heart, and brain, the 
figures given for bone, muscle, and carcass are significant only 
as an indication of the order of magnitude of the phosphorus 
retention of these tissues. 

Skin, including hair and adherent subcutaneous tissue, showed 


a slow rise from a content of 0.05 to 0.09 per cent of absorbed 


radiophosphorus per gm. in 40 hours. 

Bone shows the largest specific affinity of any tissue studied, 
although, when reduced to unit phosphorus content, it becomes 
the lowest. Liver, stomach and small intestine, heart, kidneys, 
lungs, carcass, blood, muscle, and brain show decreasing specific 
affinities in this order. The typical sharp rise and gradual fall 
in radiophosphorus content are observed in all cases with the excep- 
tion of brain. 

Excretion—In Fig. 5 are plotted the radiophosphorus contents 
of the urine and feces for the rats in Series I to IV in per cent of 
the total administered. Curves 1, 2, and 3 represent the per 
cent excreted in the urine under the various conditions up to the 
times noted. Curves 4 to 8 show the corresponding fecal exere- 
tions. 

Curve 1 is drawn to cover two series of points, representing 4.5 
and 9 mg. of P, respectively, injected intraperitoneally. The 
9 mg. points are the averages of two animals in Series IV. The 
4.5 mg. points are the averages of one animal in Series IV and the 
eight individual rats in Series IT. 

Curve 2 represents the urinary excretion, in per cent of total 
radiophosphorus administered, for the same amounts given by 
stomach tube. The 4.5 to 6 mg. of P points represent the aver 
ages of experiments on one rat of Series IV and four rats of Series 
I (6 mg. of P) run continuously in the same manner as those in 
Series IV. The 9 mg. points are the averages found for two 
rats in Series IV. One curve fits both series of points and this 
curve, if corrected for the amount unabsorbed (average = 30 
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A. INJECTION B. STOMACH TUBE 
BONE 






























PERCENT OF RADIO-P ADMINISTERED, PER GRAM OF TISSUE 
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Fic. 4. Retention of radiophosphorus in various tissues and in blood 
per gm. of fresh weight. A, administered by intraperitoneal injection; 
@ Series II, O Series I and III (stomach tube) in terms of per cent of 
absorbed radiophosphorus. B, administered by stomach tube; @ Series I 
(to 13 mg. of P), © Series III (4.5 mg. of P). 
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per cent; factor = 1.4), will approach the injection curve quite 
closely. 

Curve 3 represents urinary excretion in two rats of Series IV 
following the administration of 28 mg. of P in 3 gm. of normal 
rat food. It rises a bit more slowly owing to slower absorption, 
but approaches Curve 2 as time increases. 

Curve 4 represents the per cent of administered phosphate 
found in the large intestine, cecum, and feces together. Each 
point is the average for two rats, one of Series I and one of Series 
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Fic. 5. Excretion of radiophosphorus following administration of 


phosphate orally or by intraperitoneal injection. Curves 1, 2, and 3, 
urinary excretion; Curves 5, 6, and 8, fecal excretion; Curves 4 and 7, total 


amounts in large intestine, cecum, and feces. 


III. Each individual value is within one unit of the average 
value given. 

Curve 5 is drawn from the average of the values obtained from 
two rats in Series IV, given 4.5 and 9 mg. of P, respectively, and 
the averaged values of four rats in Series I (6 mg. dose) measured 
continuously. This curve approaches the plateau of Curve 4 


more slowly, as it represents feces only. 
Curve 6 is the fecal excretion of the two rats given the radi 


phosphorus in food and, as expected, shows a still slower rise # 
the maximum. 
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Curve 7 represents the sum of the amounts found in large 
intestine, cecum, and feces in the rats of Series II, injected intra- 
peritoneally with 4.5 mg. of P. Each point represents a separate 
rat. 
Curve 8 represents the averaged values of three rats of Series 
IV, two of which were given 9 mg. of P intraperitoneally, the third 
receiving 4.5 mg. of P in the same manner. 

The large fecal excretion of ingested phosphorus, shown in 
Curves 4, 5, and 6, represents mainly unabsorbed phosphorus, for 
the 70 per cent which was absorbed would follow the same course 
as the 100 per cent injected and would give the same small 
amount of radiophosphorus in the feces shown in Curves 7 and 
8. However, it cannot be said that excretion or secretion of ab- 
sorbed or injected phosphate into the intestine and its subsequent 
excretion via the feces is negligible, a hypothesis that may be 
suggested by the latter two curves. Once absorbed into the 
blood, the radiophosphorus administered marks not only the 
4.5 or 9 or 12 mg. of phosphorus associated with it at the start, 
but a larger amount limited only by the total phosphorus in the 
body. In other words, the active phosphorus becomes ‘‘diluted” 
with inactive phosphorus in the blood and tissues, and we can 
then no longer say that 2 per cent of the administered active 
phosphorus represents 2 per cent of 4.5 or 9 or 12 mg. of phos- 
phorus. Until both this dilution and that of unabsorbed P® 
due to digestive juices are measured, no estimate of the relative 
amount of phosphorus in the feces due to lack of absorption and 
that due to excretion from the organism may be made. 

Although we cannot yet place an absolute value on the fecal 
excretion of absorbed phosphorus, we can determine the ratio 
of urinary to fecal excretion of this material directly from the 
curves. Assuming that both urine and intestinal secretions are 
removed from the blood at about the same rate and time, the 
tatio of P*/P*! will be the same in each. Therefore the ratio 
P}'/P' for absorbed phosphorus (where P?! = total P added to 
the contents of the large intestine during the interval measured, 
and P*’ that added to the urine) will equal the ratio P}*/P%?, 
which is shown by the values of Curves 8 or 7 over those of Curve 
1 (Fig. 5). At 48 hours this ratio is about 1:10. That is to say, 
only about 1/11 of the absorbed phosphorus excreted by the body 
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in this time is eliminated via the gut and feces, while 10/11 is 
excreted via the urine. This is in fair agreement with the ratio 
found by Chiewitz and Hevesy (8) in humans. Furthermore, if 
the ratio P;'/P%’ is known, the determination of P*' allows P} 
to be calculated and a definite value thus to be placed on the 
truly excreted fecal phosphorus. In like manner the absolute 
phosphorus uptake or turnover of an organ or tissue in any given 
length of time may be calculated. 

Worthy of note are the rapid rises in Curves 1, 2, 3, 4, and 7, 
showing that the major portion of the administered phosphorus 
not retained by the tissues finds its way into the large intestine 


or urine within the first 4 to 8 hours, subsequent elimination” 


being very slow. These facts, coupled with those shown by the 
retention curves, support our starting hypothesis that the first 
24 hours following administration are the most important ones for 
studying the movements of a single dose of phosphorus. 


SUMMARY 


1. Study of phosphorus metabolism in rats with the aid of 
radiophosphorus has shown that the major disposition of injected 
or ingested phosphate occurs within the first 8 hours after ad- 
ministration. 

2. Absorption of phosphorus, administered as dissolved Nar 
HPO,, is most rapid in the first 2 hours and is usually at an 
end 8 hours after ingestion. The absorption is never complete, 
about 30 to 40 per cent of the ingested phosphorus remaining 
unabsorbed. 

3. Of the injected or absorbed phosphorus about 20 to 30 per 
cent is excreted in the urine within 8 hours, while about 3 per 
cent is excreted via the large intestines. The subsequent elimi- 
nation of this phosphorus over a 5 day period in both urine and 
feces goes on at a steadily diminishing rate that amounts to about 
2 to 1 per cent per day. 

4. The tissues which were examined retain the absorbed o 
injected phosphorus in the following decreasing order: bone, 
muscle, liver, stomach plus small intestine, blood, kidneys, heatt, 
lungs, and brain. All except brain show a rapid uptake in the 
first 10 hours, followed by a prolonged, steadily diminishing los. 
Brain apparently has a very slow turnover of phosphorus. 
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5. Per unit of fresh weight of tissue the retentions—called the 
“specific affinities’ —assume the following order: bone, liver, 
stomach plus small intestine, heart, kidneys, lungs, blood, muscle, 
skin, and brain. 


Our thanks are due to several individual members of the staff 
of the Radiation Laboratory, to Mr. 8. Ruben, and to Mr. M. 
Joseph for their advice and assistance in the course of these 
experiments. The work was also aided by the Works Progress 
Administration. 

We gratefully acknowledge our indebtedness to Professor E. O. 
Lawrence and the staff of the Radiation Laboratory of the Uni- 
versity of California for supplying us with the radiophosphorus 
used in these experiments. This was made available by grants 
from The Chemical Foundation and the Josiah Macy, Jr., Foun- 
dation. 
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THE ANALYSIS OF CALCIUM IN BLOOD AND OTHER 
BIOLOGICAL MATERIAL BY TITRATION WITH 
CERIC SULFATE 


By CLARENCE E. LARSON anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California Medical 
School, Berkeley) 


(Received for publication, November 29, 1937) 


The advantages of ceric sulfate over permanganate in oxidi- 
metric titrations are now sufficiently well known so that they need 
not be dwelt upon here. 

A method for the estimation of calcium in which the calcium 
oxalate is oxidized with a measured quantity of ceric sulfate and 
the excess titrated with ferrous ammonium sulfate (Mohr’s 
salt) in the presence of o-phenanthroline as indicator has been 
used in this laboratory for the past 2 years with advantage over 
the methods previously employed. The titration is carried out 
at room temperature, and there is no blank if the o-phenanthro- 
line, which is in the reduced form, is oxidized before being used. 

A procedure for the estimation of calcium in blood serum by a 
combined ceric sulfate and iodine titration has been published by 
Rappaport and Rappaport (1). Katzman and Jacobi (2) have 
developed a direct ceric sulfate titration by employing iodine 
monochloride as a catalyst. We believe the method given here 
is superior to the above in certain respects. 

Reagents — 

Saturated ammonium oxalate (about 4 gm. per 100 ml. of H,O). 

2 per cent ammonium hydroxide solution (2 ml. of concentrated 
NH,OH, 98 ml. of H,O). This is best saturated with calcium 
oxalate by agitating with a small portion of the solid calcium 
oxalate and filtering off the undissolved material. 

0.01 m ceric sulfate. Dissolve £3.2 to 3.4 gm. of anhydrous 
Ce(80,)s by heating with 20 ml. of concentrated H:SO, and add- 
ing water until dissolved. Stir during this process. Transfer 
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the contents to a 1 liter volumetric flask and dilute to the mark. 
Standardize the solution with sodium oxalate or ferrous ammo- 
nium sulfate. The ceric sulfate solution should be kept from 
contact with rubber stoppers or other carbonaceous material, 

0.005 m ferrous ammonium sulfate (Mohr’s salt). Dissolve 
1.96 gm. of the above with 9 ml. of concentrated HCl and make 
up to 1 liter. 

Phenanthroline indicator. Dissolve 0.695 gm. of FeSO,-7H,0 
in water in a 100 ml. volumetric flask. Add 1.485 gm. of o-phe 
nanthroline monohydrate,' stir until dissolved, and make up to 
volume. Before this indicator is used, titrate 1 ml. of it to the 


neutral point (purple) with the ceric sulfate solution. Use 2- 


drops of the neutralized indicator for a titration. 


Procedure 


To 2 ml. of serum or an aliquot of liquid containing between 0.1 
and 0.4 mg. of calcium, add 2 ml. of HO and 1 ml. of the satu- 
rated ammonium oxalate. Let stand for 2 or more hours. Ifa 
trichloroacetic acid filtrate of blood serum or the acid extract of 
ashed tissue is used, first neutralize the free acid of the filtrate 
to the pH of about 5.0 by adding KOH or NH,OH solution until 
a blue-green color is obtained with the indicator brom-cresol 
green. 

After the precipitate has stood sufficiently long, filter throughs 
Kirk-Schmidt (3) microfilter which has a stem 2 inches long. 
Wash twice with 3 ml. portions of 2 per cent NH,OH solution, 
pouring the washings from the precipitation tube onto the filter. 

Now place the precipitation tube within the suction flask and 
insert the tip of the filter within it. Dissolve the calcium oxalate 
precipitate from the filter pad with three 1 ml. portions of hot 
2 Nn H:SO,. Then wash out the residue with two portions of 2 te 
3 ml. each of water. 

To titrate add 2 ml. of 0.01 m ceric sulfate to the test-tube con 
taining the dissolved calcium oxalate and let stand for 30 minutes. 
Now add 2 drops of neutralized phenanthroline and titrate back 
with ferrous ammonium sulfate to the end-point. The color 
changes in the titration are purple—blue-green—blue—salmo. 


1 Purchased from the G. Frederick Smith Chemical Company, Columbus 
Ohio. 
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At the end-point the change is from blue to salmon upon the addi- 
tion of 0.001 ml. of 0.01 N ferrous ammonium sulfate. 

The titrations can be carried out rapidly, since in the region 
from purple to blue no particular care need be used. When the 
blue stage is reached, the remainder of the titration can be ac- 
curately watched to attain the exact end-point. 

The calcium value is simply calculated, since each ml. o 
0.01 m ceric sulfate used up in the titration is equivalent to 4: 
mg. of calcium. 
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THE METABOLISM OF SULFUR 


XXV. DIETARY METHIONINE AS A FACTOR RELATED 
TO THE GROWTH AND COMPOSITION OF THE 
HAIR OF THE YOUNG WHITE RAT 


By E. VIRGINIA HEARD anp HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, November 29, 1937) 


The relation of the cystine of the diet to the growth and com- 
position of the hair of young white rats has been established (1-3). 
In the absence of adequate amounts of dietary cystine, optimal 
growth of the hair was not observed and the cystine and sulfur 
contents of the hair were lower than those of rats maintained on 
diets supplying ample amounts of cystine. The ingestion of cys- 
tine in quantity in excess of the normal physiological require- 
ments, however, failed to result in the production of a “super- 
keratinized”’ hair (3). 

Methionine has been shown to function similarly to cystine, 
both for purposes of growth in rats fed a diet inadequate in its 
content of cystine (4, 5) and for the detoxication of monobromo- 
benzene (6-8). The administration of either cystine or methi- 
onine to bile fistula dogs was followed by an augmented excretion 
of taurocholic acid in the bile (9). When methionine was fed to 
cystinuric individuals, an increased excretion of cystine by the 
kidneys was observed (10, 11). The evidence available thus indi- 
cates a close relationship in metabolism between the two chief 
sulfur-containing amino acids of the protein molecule. Rose (12) 
has suggested that methionine may replace cystine of the diet 
entirely for purposes of growth of the young white rat, but that 

is a minimal dietary requirement for methionine and that 
cystine cannot be substituted effectively for all of the dietary 
methionine. 

In view of these facts, it has seemed important to determine 
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whether methionine, as a supplement added to a cystine-deficien 
diet, is able to function similarly to cystine and to lead to the 
production of hair of normal cystine and sulfur content in young 
white rats. 


EXPERIMENTAL 


Seven litters of young white rats of approximately 60 gm. of 
weight were placed in individual cages and maintained on 
basal diet which had been shown to be deficient in its content 
of cystine and to be adequate for good growth, when supplemented 
by cystine or methionine (4). The composition of this diet was 


as follows: corn-starch, 54.7 per cent; lard, 25.0 per cent; whole. 


milk powder, 15.0 per cent; gelatin, 2.0 per cent; sodium chloride, 
1.7 per cent; Osborne and Mendel salt mixture (13), 1.0 per cent; 
vitamin B adsorbate,' 0.6 per cent. In addition, 100 mg. of cod 
liver oil and 125 mg. of dried yeast were fed separately to each 
animal daily. After maintenance for a week (in the case of Lit 
ters B and C, 5 weeks) on the basal diet, the animals were divided 
into two groups. For the control group, which was to be con 
tinued on the basal diet, the animals selected were those whieh 
were heavier, which had consumed the basal diet most readily, 
and which had made the best gains in weight during the prelimi- 
nary experimental period. The other group received the basal 
diet, supplemented by the addition of 4.5 gm. of dl-methionine per 
1000 gm. of food. 

Litters A to C were permitted unrestricted consumption d 
food for 31 to 42 days, the animals being weighed at regular 
intervals and a careful record of food consumption being made. 
With the other four litters, the experimental method of restricted 
diet or paired feeding was employed, the amount of food received 
daily by the animal on the basal diet supplemented by methionine 
being determined by the previous day’s food consumption of 4 
paired litter mate of the same sex, which was fed the basal diet 
The durations of the experimental periods for Litters D to G wer 
56, 40, 39, and 42 days respectively. 

At the conclusion of the experimental periods, the rats wer 


1 We wish to express our indebtedness to Eli Lilly and Company of 
Indianapolis for the generous gift of the vitamin B adsorbate used in thet 


experiments. 
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chloroformed and as much as possible of the hair was removed 
by shaving without the use of soap or water. The hair was then 
extracted with absolute alcohol and chloroform for 48 and 18 hours 
respectively (14), air-dried for 24 hours, and placed in a desiccator 
over calcium chloride until the analyses were completed. The 
weight of the hair recorded in Tables I and III is the weight after 
extraction and drying. 

All determinations of total sulfur were made according to the 
Benedict-Denis procedure, as modified for use in this laboratory 
(15), by a preliminary digestion of the hair for 6 hours with con- 
centrated nitric acid. Attempts to determine the sulfur content 
of the methionine by the unmodified Benedict-Denis method 
proved unsatisfactory. ‘Ten series of determinations, all in tripli- 
cate, gave results which ranged from 7.97 to 16.98 per cent, with 
an average value of 13.34 per cent of sulfur as compared with the 
theoretical value of 21.49 per cent. The recovery of sulfur was 
only slightly improved when the preliminary digestion with nitric 
acid was included. The results of the Parr bomb method were 
used as a further check in the determination of the purity of the 
methionine used in the feeding experiments. Determinations by 
the Parr bomb method gave essentially theoretical values for the 
sulfur of the methionine. 

Shortly after these results were obtained, similar difficulties in 
the determination of the sulfur of methionine were reported by 
Painter and Franke (16) and later by Rutenber and Andrews (17). 
They concluded that the Benedict-Denis method is not reliable 
for the determination of total sulfur in proteins and that the error 
is chiefly due to the abnormal behavior of methionine. Since 
the methionine sulfur of hair is low in comparison with the cystine 
sulfur, it was felt that the use of the modified Benedict-Denis 
method should not seriously affect the values obtained for the 
total sulfur of hair and the use of this more convenient method 
was continued. It is possible that the sulfur of methionine, when 
this amino acid is in combination in the protein molecule, may be 
more accurately determined by this procedure than the sulfur of 
the free amino acid. In order to satisfy ourselves that the use 
of the modified Benedict-Denis procedure did not introduce any 
serious error into our analyses of hair, we have analyzed a number 
of our samples of rat hair by the Parr bomb method as well as 
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by the modified Benedict-Denis procedure. The values were 
essentially the same by both methods. Moreover, in a consid- 
erable number of unpublished parallel analyses of cow hair in this 
laboratory, no evidence was obtained that the Parr bomb method 
gave higher values than the modified Benedict-Denis method, 

Cystine was determined by the Sullivan-Lugg procedure (18) 
with the modification of the time factor suggested by Roussouw 
and Wilken-Jorden (19). 


DISCUSSION 


Detailed data from a typical litter unit of each of the types of 
feeding experiments are presented in Tables I and II. In con- 
firmation of the work of previous investigators (4, 5), who em- 
ployed diets similar to our own, addition of methionine to a 
diet known to be low in its cystine content resulted in increased 
growth, which was evident when calculated either as the daily 
gain or as the gain per 100 gm. of food eaten. This result has 
been obtained without exception with four litters (thirty-five 
rats) in paired feeding experiments and with three litters (twenty- 
six rats) whose diet was unrestricted in amount. The values 
for the complete series of animals are summarized in Table III. 

The amount of hair per 100 gm. of rat was invariably some- 
what higher in those animals receiving supplementary methionine, 
although in a few instances, particularly in the paired feeding 
experiments, the differences were scarcely beyond experimental 
error (cf. Pair XV, Table I). The total sulfur and cystine con- 
tents of the hair produced when methionine supplemented the diet 
were greater than those of the hair of control animals on the basal 
diet alone. These results are quite similar to those of earlier 
experiments (1-3), in which cystine supplemented a basal diet 
low in cystine.2 The composition of the hair is comparable to 
that of young white rats which received standard mixed diets or 
diets of high protein content, as previously determined in this 
laboratory (1). 

The tendency toward an increased production of hair after 


2 It should be noted, however, that the basal diet, the treatment of the 
hair prior to analysis, and the method used for the determination of eystine 
in the present series differed from those of the earlier investigations. For 
this reason, detailed comparison with our earlier studies is not justified. 
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Growth of Young White Rats and Composition of Hair As Influenced by 
Addition of Supplementary Methionine to Cystine-Deficient Diet in 
Paired Feeding Experiments (Litter @) 

The animals were paired as to sex and food intake. 
XIII, the animals were males. The duration of the experimental period 


was 42 days. 
mented with 0.45 per cent of methionine. 


Except for Pair 


Diet B signifies the basal diet; B + M, the basal diet supple- 






































Gain Hair 

Rat , |e nie 

Pair No. | No. Diet | methionine| 4 Per | Per 
for period daily - em. ory Total 8 | Cystine 
yaar gm gm. gm. gm. per cent | per cent 
XIII | 52 B 0.6 8.6 | 0.75 | 3.73 | 11.99 
53 “+M 1.31 1.2 17.7 | 1.04 | 4.21 | 13.50 
XIV 54 ” 0.5 6.8 | 0.60 | 3.60 | 11.29 
55 “+M 1.32 1.3 18.7 | 0.87 | 4.02 | 12.68 
XV 56 a 0.4 8.3 | 0.87 | 3.57 | 11.31 
57 “+M 0.99 0.9 16.5 | 0.90 | 3.98 | 12.68 
XVI 58 ' 0.8 10.3 | 0.71 | 3.79 | 12.44 
59 “+M 1.37 1.4 19.7 | 0.86 | 4.21 | 13.58 

Taste II 


Growth of Young White Rats and Composition of Hair As Influenced by 
Addition of Supplementary Methionine to Cystine-Deficient Diet in 


Unrestricted Feeding Experiments (Litter B) 


The duration of the experimental period was 39 days. 
the basal diet; B + M, the basal diet supplemented by methionine. 


Diet B signifies 



































aE Gain Hair 
Rat No.| Sex Diet a .. 4 average Per 

for period | %llY | Total 100 gm. | Total S | Cystine 

gm. gm. gm. gm. | percent | per cent 

10 F. B 9.5 33.1 8.9 | 3.66 | 12.65 
ll M. = 7.9 22.2 7.1 3.96 | 12.54 
2 F. “ 7.4 29.3 | 10.1 | 3.63 | 12.47 
3B “4 ve 7.3 23.5 8.2 | 3.87 | 12.70 
15 4 “1 9.7 36.3 9.6 | 3.72 | 12.97 
14 M. “4M 2.04 12.2 | 104.9 | 22.0 | 4.24 | 14.17 
16 ° ok he 2.13 12.1 83.7 | 17.7 | 4.08 | 13.64 
Vv F. Ede S 1.84 10.2 67.9 | 16.6 | 4.29 | 14.71 
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supplementary dietary methionine is not in accord with the single 
observation on a sheep reported by Marston (20). After a daily 
injection of 0.65 gm. of methionine into a Merino ewe over q 
period of 10 days, he observed a slight increase (5 per cent) in 
wool production, an increase which he considered insignificant, 


Tasie III 
Growth, Production of Hair, and Composition of Hair of Young White Rats 
Fed a Basal Cystine-Deficient Diet and Same Diet 
Supplemented with Methionine 

Two groups are presented, Litters A to C, which were permitted unre. 
stricted food consumption, and Litters D to G, in which the paired feeding 
method was used. The values represent the averages for all animals. 
Diet B signifies the basal diet; B + M, the basal diet supplemented with 
0.45 per cent of methionine. 




















et. 
| | Male | Female | Male | Female 
No. of animals B 6 8 9 | 8 
| “+M| 7 5 |un |7 
Average daily gain, gm. ” | 0.72 | 0.71 | 0.61 (0.60 
“+M/| 2.15 1.62 | 1.24 1.22 
Average daily food intake, . | 6.8 8.0 | 6.8 7.1 
gm. “+M/ 99 | 8.6 | 6.5 | 69 
Average gain per 100 gm. /“ | 11.1 | 9.1 | 10.1 9.9 
food, gm. ~/- we | aoe 18.7 19.5 19.2 
Hair per 100 gm. body weight,| “ | 0.98 | 0.98 | 0.81 | 0.8 
gm. | “+M | 1.30] 1.24 | 0.94 | 0.91 
Total 8, per cent ies | 3.88 3.84 3.78 | 3.8 
| *“+M 4.16 4.37 | 4.09 | 423 
Cystine, per cent «6 12.18 | 12.42 | 11.97 | 12.3 
| “4M | 13.21 | 13.72 | 12.92 | 13.87 
Cystine 8 x 100 te | 83.9 87.2 | $4.3 | 88 
| “+M | 84.9 | 84.0 84.3 | 86.2 








Total S- 





particularly since in a subsequent period of similar duration the 
injection of an equivalent amount of cysteine led to a 16 per cent 
increase. It should be noted that we were concerned with & 
different species, with small animals which were fed a more care 
fully controlled diet in which deficiency in cystine had been 
demonstrated, and that the amount of methionine admini 
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per unit of body weight must have been significantly greater 
than in Marston’s single experiment.’ In our experiments with 
unrestricted food consumption, the weights of hair produced when 
methionine was added to the diet were approximately 32 and 26 
per cent greater with male and female rats respectively, and in 
the paired feeding series, similar increases of 16 and 10 per cent 
were obtained (Table ITI). 

The interpretation of our findings is not simple. Our basal 
diet contained both cystine and methionine. Methionine is an 
essential amino acid which cannot be replaced by cystine, as 
shown by Rose and his coworkers (12). However, if the minimal 
requirements for methionine are supplied by the diet, the rest of 
the needed sulfur-containing amino acids may be furnished by 
either cystine or methionine (12). Since our basal diet could be 
effectively supplemented by cystine, it would appear that this diet 
contained an amount of methionine adequate for minimal growth 
requirements, but that the diet did not furnish the requisite 
amount of total sulfur-containing amino acids. This deficiency 
could be remedied by either cystine (4) or methionine. Supple- 
mentary dietary methionine allowed growth of a hair of normal 
cystine content. Are these experiments to be interpreted as 
direct proof of the transformation of methionine to cystine in the 
living organism? Has the administration of methionine made 
possible the utilization of dietary cystine for the growth of hair, 
while methionine has taken over some other biological function of 
cystine? Our experiments fail to offer definite proof of either of 
these possibilities. Such proof could be obtained by feeding 
young white rats diets, whose entire amino acid content is known 
exactly and which contain no cystine. If, under these experi- 
mental conditions, a hair of normal cystine content is produced, 
the relation of methionine to keratinization (cystinization) of 
the hair will have been demonstrated conclusively. 


SUMMARY 


; Young white rats were fed a basal diet known to be deficient 
in its content of the sulfur-containing amino acids (4). When 
methionine was added to this diet, good growth was obtained. 


* The weight of the ewe is not directly stated, but it is implied that the 
weight was approximately 40 kilos. 














en _ 











210 Sulfur Metabolism. XXV 


The addition of supplementary methionine to the basal diet 
resulted in a slightly increased production of hair. This hair 
contained a higher percentage of total sulfur and of cystine 
than the hair of animals receiving the basal unsupplemented 
diet. 

These experiments offer further evidence of the close relation- 
ship in metabolism between the two chief sulfur-containing amino 
acids of the protein molecule. 
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COMPARATIVE STUDIES OF THE METABOLISM 
OF THE AMINO ACIDS 


VII. EXPERIMENTAL ALCAPTONURIA IN THE WHITE RAT* 


By EVANGELINE PAPAGEORGE ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, December 17, 1937) 


Among the unsolved problems, which are related to amino acid 
catabolism, is the status of homogentisic acid in the intermediary 
metabolism of the aromatic amino acids, tyrosine and phenyl- 
alanine. This acid has long been recognized as a constituent of 
the urine in the inborn error of metabolism, aleaptonuria. Dakin 
(1) has maintained that homogentisic acid is not a normal product 
of intermediary metabolism but that it originates in a series of 
reactions distinct from the normal and characteristic of the al- 
captonuric organism. Garrod ((2) p. 73), in reviewing the evi- 
dence, has championed the theory of Neubauer (3), which pos- 
tulates that homogentisic acid is formed in the catabolism of the 
naturally occurring aromatic amino acids and is destroyed com- 
pletely by the normal organism. In alcaptonuria, the defect 
is believed to lie in a failure of complete oxidation of homo- 
gentisic acid, which results in the excretion of this acid by the 
kidneys. Dakin based his conclusions on the inability to produce 
aleaptonuria experimentally in the normal animal by the adminis- 
tration of phenylalanine or tyrosine. In the alcaptonuric patient, 
on the other hand, ingestion of either of the aromatic amino 
acids is followed promptly by an increased urinary excretion of 
homogentisic acid. The consistent successful demonstration of an 
experimental alcaptonuria produced by feeding tyrosine or 


*A preliminary report of this investigation was presented before the 
Thirty-first meeting of the American Society of Biological Chemists at 
Memphis, April, 1937 (Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 119, 
p. Ixxvi (1937)). 
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phenylalanine to normal animals would be important evidence jn 
support of the theory of Neubauer (3). 

Most important of the attempts to produce alcaptonuria in 
normal animals have been the studies of Dakin (4, 5) and of 
Abderhalden (6). The former injected 6 to 8 gm. of phenyl- 
alanine into cats (4) and fed similar amounts of tyrosine to cats 
(5). Despite the fact that the power of the organism to catab- 
olize amino acids normally had been overtaxed, as demonstrated 
by the excretion of considerable amounts of the ingested amino 
acids by the kidneys, no homogentisic acid was detected in the 
urine. Abderhalden (6), after unsuccessful attempts to produce 
an experimental alcaptonuria in dogs and rabbits, fed the aromatic 
amino acids to human subjects. In one individual, in a single 
unconfirmed experiment, 0.5 gm. of lead homogentisate was 
isolated from the urine after the oral administration of 50 gm. of 
tyrosine. The purity of the lead salt was evidenced by its melt- 
ing point and elementary analysis. Further experiments with 
other subjects, in one of which 150 gm. of tyrosine were fed, did 
not afford further evidence of experimental production of aleap- 
tonuria. 

It seemed possible that continued ingestion of large amounts 
of phenylalanine over a somewhat extended period might over- 
whelm the organism and, if homogentisic acid is an intermediary 
product of normal catabolism, result in aleaptonuria. In experi- 
ments of this type with white rats, it has been possible to produce 
aleaptonuria consistently provided that the amount of phenyl- 
alanine ingested was sufficiently great. 


EXPERIMENTAL 


Young and adult white rats were placed in individual metab- 
olism cages, which permitted collection of the urine, and fed 4 
basal diet, with which, during the experimental periods, varying 
percentages of the phenylalanine were incorporated. Except ina 
short series of experiments! with dl-phenylalanine (synthetic), 
the naturally occurring isomer, /(—)-phenylalanine,? was fed. 


1 The preliminary experiments were carried out by the senior author 
with the aid of Mr. Frank Koss. 

2 We wish to express our indebtedness to Dr. Seiichi Izume of Dairen, 
Manchuria, a former student in this laboratory, for the gift of a very com- 
siderable amount of /-phenylalanine which has made possible the conduct 
of these experiments. 
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This product contained small amounts of tyrosine as an impurity; 
the results obtained with it, however, were the same as those 
obtained when the dl-phenylalanine was fed. The basal diet 
contained the following substances: dried skim milk powder, 
45 per cent; butter, 25 per cent; corn-starch, 27 per cent; cod liver 
oil, 3 per cent. Each animal received one tablet of dried yeast 
(approximately 400 mg.) daily. When phenylalanine was added 
to the diet, it replaced an equal weight of starch. The fat con- 
tent of this diet was kept at a relatively high level in order to 
insure a consistency such that loss of the food by scattering 
would be reduced to a minimum. A careful record of the daily 
food intake was kept and the rats were weighed weekly. In the 
initial series, control experiments in which no phenylalanine was 
fed were carried out. 

The urine, as it drained from large glass funnels in which the 
metabolism cages were placed, was filtered through a layer of 
coarse cheese-cloth to avoid contamination with particles of food 
or feces and was collected in large test-tubes containing a few 
drops of chloroform as a preservative and a layer of mineral oil 
to prevent contact with air and thus to diminish oxidation of the 
homogentisic acid. In some experiments, a few drops of 12 per 
cent sulfuric acid were placed in the collecting tubes, since it is 
known that oxidation of homogentisic acid occurs less readily in 
an acid solution. 

For the qualitative detection of homogentisic acid in urine, the 
usual tests were employed; i7.e., brown-black pigmentation on 
addition of alkali and aeration (referred to in Table I and else- 
where as the alkali test), reduction of ammoniacal silver nitrate in 
the cold, and the production of a transitory blue color on the addi- 
tion of a few drops of dilute ferric chloride. None of the methods 
for the quantitative determination of homogentisic acid is en- 
tirely satisfactory in experiments with small animals in which 
the volume of urine is scanty, as in the present series. We have 
made use of the method of Briggs (7), which requires only 1 to 2 
ce. of urine. In some experiments, total phenols were determined 
by the method of Folin and Denis (8) with the use of the im- 
proved color reagent of Folin and Ciocalteu (9). Amino acid 
nitrogen was determined colorimetrically with the use of the 
naphthoquinone sulfonic acid reagent. Since homogentisic acid 
is a diphenol derivative and polyphenolic substances react with 
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the uric acid reagent of Folin and Denis, we have determined 
the chromogenic value of the urine with this reagent also. The 
preliminary treatment of the urine was the same as in the phenol 
method, but the color development was obtained with the uric 
acid reagent instead of the phenol reagent. The values obtained 
in this way are calculated in terms of the uric acid used as a 
standard and are designated as “‘polyphenols” in Table I. The 
polyphenol values are for comparative purposes only. An 
aleaptonuria should result in a marked rise in both the phenol 
and polyphenol content of the urine. It should also be noted that 
phenylpyruvic acid, a possible intermediate in the ae of 
phenylalanine, also reacts with the phenol reagent (10). ! The 
reactions and procedures for the isolation of homogentisic acid 
from rat urine will be discussed in detail later in this paper. 


DISCUSSION 


In the unpublished experiments carried out by one of us, previ- 
ous to the present series, diets containing 4, 6, and 8 per cent of 
phenylalanine were fed to eighteen young white rats. Qualitative 
tests for homogentisic acid in the urine were obtained in thirteen 
of these animals, the period of preliminary feeding prior to the 
appearance of a positive test and the intensity of the test varying 
with the individual animal and with the daily intake of phenyl 
alanine in the food. As a rule, qualitative tests were obtained in 
the urine if the phenylalanine of the diet exceeded 0.4 gm. per 
100 gm. of rat, although no alcaptonuria was produced in one rat 
whose daily intake of phenylalanine averaged 0.54 gm. of phenyl- 
alanine per 100 gm. of body weight. 

In the present series, with diets containing 6 to 12 per cent of 
l(—)-phenylalanine, experimental aleaptonuria was produced in 
sixteen of a total of seventeen rats, nine of which were adult 
animals. In the one exceptional case, the daily consumption of 
phenylalanine averaged less than 0.19 gm. per 100 gm. of rat for 
a period of 8 days. In no case were the tests for homogentisie 
acid obtained in the urine when the daily intake of phenylalanine 
was less than 0.3 gm. per 100 gm. The number of days required 
for the appearance of alcaptonuria after the animal received the 
experimental phenylalanine diet varied from 2 to 28 days. The 
reactions for homogentisic acid were absent from the urine 24 
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hours after the phenylalanine was removed from the diet. Un- 
fortunately, we have no evidence as to the degree of absorption 
of phenylalanine in our experiments. That the amino acid ab- 
sorbed was well utilized is indicated by the low values for amino 
acid nitrogen in the experimental urines. 

A typical series of analytical data is presented in Table I. 
When the data for Rats 1 to 3 which received no phenylalanine 
are compared with the data for Rats 4 and 5, it will be seen that 
the administration of phenylalanine resulted in little change in 
the amino acid content of the urine. The phenol and polyphenol 
values were significantly increased whenever a strongly positive 
alkali test for homogentisic acid was obtained in the urine. It 
may be noted that it was impossible to check oxidation completely 
in the urines containing homogentisic acid and that occasionally, 
as indicated in Table I, the colors developed in the colorimetric 
procedures were unsatisfactory, particularly in the analyses of 
the pigmented urines. 

All of the quantitative procedures and the qualitative tests 
obtained indicated that the rats ingesting large amounts of phe- 
nylalanine daily excreted homogentisic acid; that we had pro- 
duced an experimental alcaptonuria by dietary factors. For final 
proof, however, isolation of a stable derivative of homogentisic 
acid from the experimental urines and its identification were nec- 
essary. We were fortunate in having available urine of two al- 
captonuric brothers, patients in the University Hospital,’ from 
which we were able to isolate large amounts of the insoluble 
lead salt of homogentisic acid (11) and to prepare pure homo- 
gentisic acid from the lead salt. This made possible preparation 
of derivatives of pure homogentisic acid for comparison with the 
derivatives isolated from the experimental rat urines. 

Our first attempts at isolation by the precipitation of the lead 
homogentisate (11), either directly from the rat urines or from 
ether extracts of these urines, were unsuccessful. Small quan- 
tities of an impure compound were obtained, but the amount was 
too small for purification or characterization. Experiments with 
normal urine, to which small amounts of homogentisic acid were 

* We are indebted to Dr. Moses Frohlich of the Department of Medicine 


for cooperation which made possible the studies on these patients. These 
studies will be reported elsewhere. 
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TaBe | 
Composition of Urine of Rats Receiving Basal Control Diet and Basal Conirol 
Diet to Which 10 or 12 Per Cent l-Phenylalanine Has Been Added 
(Series I-A) 

The rats, which weighed from 100 to 115 gm., either gained slightly or 
remained approximately constant in weight. Food consumptions and 
urinary excretions are calculated on the basis of 24 hours. The phenyl- 
alanine was fed to the two experimental rats at a 10 per cent level for the 
first 7 days and at a 12 per cent level thereafter. 
































Food intake | 
Urinary excretion 
Ret | Phenylalanine | Alkali 
so eet meee me | tt she |Homo-| ‘st 
| Total (100 gm. Phenols |} ennls| 'N | foe | 
| ak || ai | 
days gm. gm mg. mg. mg. mg. | mg. | 
1|/F. |m* |66/0 |o 8.7/ 19/47/00 | = 
2 | M. |/24* | 6.2/0 | 0 | 9.4] 1.7/ 36) 0 | - 
si joe } 4-1 | 0 }O | 88] 11/43] 0 | = 
4} “* | 12 | 4.3 |0.43/0.42) 4.1) 2.6] 1.1 | 0 | - 
/ 34 | 4.0 | 0.40. 0.40 | 6.9| 20/23/00 | = 
| 56 | 3.2 | 0.32/0.33/ 103) 16/44) 0 | - 
| 7-8 | 3.2 | 0.38/0.40/ 10.9/ 2.2) 40) 0 | - 
| 910 | 3.0 | 0.36 | 0.38) 19.3) 1.1) 45/0 | -? 
1-12 | 3.9 | 0.47 | 0.48 | 18.8 3.2 | 7.0 | 35.1) + 
13-14) 4.6 | 0.55) 0.56 | 13.7) 3.0) 21) 4.4) + 
| 15-16 | 5.5 | 0.66 | 0.66 | 32.5| 5.0| 3.3 | 29.0] +4 
17-18 | 5.0 | 0.60 0.58 | 50.0¢| 5.0t) 4.8 | 12.0| +4 
| 19-20 | 6.5 | 0.78 | 0.73 | 104.0t| 8.0t | 37.0 | ++ 
21-22 | 6.9 | 0.83 | 0.74 | 137.0 | 18.0. | 29.0 | +4 
23-24 | 6.8 |'0.82 | 0.69} 89.0 11.0 | 20.0 | ++ 
5 | F. | 14 | 2.5 | 0.25 | 0.23 | 3.0 | 1.3/0.6 0.0) - 
56 | 4.8 |0.48/0.47| 7.6| 1.9| 3.2| 00| - 
78 | 4.4 | 0.53 /0.53| 6.7) 2.0/ 16 | 3.0) + 
9-10 | 3.0 | 0.36 | 0.36) 13.0) 13/19) 3.3) ++ 
11-12 | 3.3 | 0.40 0.40) 21.0) 3.8) 8.0 6.7| ++ 
13-14 | 3.6 | 0.43 | 0.42 | 32.0 | 15.0} 2.6 | 15.2) + 
15-16 | 3.8 | 0.46 /0.45| 25.0) 14/15 | 0.0) 2 
17-18 | 3.4 |0.41/041| 210) 12132) 00| ? 
19-20 | 3.8 0.46 /0.46| 23.0¢ 9.5, | 7.5) ++ 
21-22 | 4.1 | 0.49 | 0.48 | 101.0 | 19.0 | | 36.0 | ++ 
| 23-24 | 4.8 | 0.58 | 0.56 | 70.0 | 45.0 | | 45.0 | ++ 











* For these control rats, the values are averages for the feeding period 
of 24 days. 

t Phenol determination, purplish color, difficult to read accurately. 

¢ Polyphenol determination, greenish color, difficult to read accurately. 
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added, convinced us that the method of the isolation of the lead 
salt could hardly be expected to be of value in urines containing 
amounts of homogentisic acid as small as those which were indi- 
cated by our quantitative analyses. Our efforts were then di- 
rected toward the isolation of the benzoyl derivatives described 
by Orton and Garrod (12). The melting point of dibenzoyl- 
homogentisamide has been reported to be 204° (12) and 202° (13). 
From the amide, the dibenzoylhomogentisic acid with a melting 
point of 179-180° (12) or 180-181° (14) may be obtained. 

The mineral oil used to protect the rat urine from contact with 
air was removed and the urine was either benzoylated directly or 
after decolorization with norit. To 100 cc. of urine, 5 cc. of ben- 
woyl chloride and 40 cc. of 10 per cent sodium hydroxide were 
added alternately in small portions, with vigorous shaking after 
each addition and cooling in an ice bath. When all the reagents 
had been added, the mixture was shaken until the odor of benzoyl 
chloride was no longer evident and allowed to stand in an ice 
bath for about 1 hour. The precipitate which separated was 
removed by centrifugation and extracted repeatedly with boiling 
ethyl alcohol in which the dibenzoylhomogentisamide is soluble. 
If necessary, the alcoholic extract was decolorized by norit. 
After the extracts had stood overnight in the refrigerator, the 
precipitate which separated was filtered off and dissolved in boil- 
ing alcohol. The solution was again decolorized and filtered 
rapidly by suction into a tube immersed in ice. Needle crystals 
separated. These were filtered off and, if necessary, the processes 
of solution, decolorization, and crystallization, were repeated. 
A total of approximately 1.2 gm. of crystals was thus isolated 
from three portions of experimental alcaptonuric urine, repre- 
senting a total volume of 600 cc. The melting points ranged from 
189-200°. These crystals were combined for further purification. 

The combined crystals were thrice recrystallized from hot alco- 
hol and the final product was compared with the dibenzoylhomo- 
gentisamide prepared from pure homogentisic acid (isolated from 
human alcaptonuric urine). The derivative from rat urine melted 
at 199-200°; that from pure homogentisic acid at 200-201°; and 
the melting point of a mixture of the two derivatives was 200° 
(all values are corrected). Both products gave the alkali test 
and showed the solubilities described by Orton and Garrod (12). 














218 Experimental Alcaptonuria 


After the final recrystallization, approximately 160 mg. of the 
dibenzoylhomogentisamide were obtained from 600 cc. of rat 
urine. 

Analysis of the two derivatives by the micromethods of Pregl 
gave the following results: derivative from rat urine, C 70.31, 
H 4.56 per cent; derivative from pure homogentisic acid isolated 
from human aleaptonuric urine, C 70.30, H 4.48 per cent; theo- 
retical for dibenzoylhomogentisamide, C 70.40, H 4.53 per cent. 

As further proof of the identity of the derivative from rat 
urine and that from pure homogentisic acid, dibenzoylhomogen- 
tisic acid was prepared from each of the amides as described by 
Orton and Garrod (12). The melting points of the two produets - 
were 179-180° and 180-181° respectively (corrected) with a mixed 
melting point of 180-181°, values comparable to the values previ- 
ously reported (12, 14). The dibenzoylhomogentisic acids showed 
identical properties, crystallized in tiny clusters of white needles, 
dissolved readily in 95 per cent alcohol at room temperature, 
crystallized from 50 per cent alcohol, and gave positive alkali tests. 

Attempts to demonstrate similarly the production of aleap- 
tonuria by feeding the sodium salt of phenylpyruvic acid, a prob- 
able product of catabolism of phenylalanine, were not successful. 
Large amounts of phenylpyruvic acid were excreted, as evidenced 
by the color reaction with ferric chloride, characteristic of phenyl- 
pyruvic acid (10), but no definitely positive alkali test could be 
obtained from the urine. The rats did not eat the diet contain- 
ing phenylpyruvic acid well and persisted in scattering the food, 
so that the experiment was discontinued. The failure to obtain 
evidence of excretion of homogentisic acid by feeding the salt of 
phenylpyruvic acid may have been due to a lack of sufficiently 
high food intake and of a sufficiently long period of time. In 
view of the fact that phenylpyruvic acid increased the excretion of 
homogentisic acid, when fed to human alcaptonuric patients ((2) 
p. 79), it seems probable that our negative results with rats are 
thus to be explained. 

We have also failed in attempts to produce experimental aleap- 
tonuria in two rabbits by feeding phenylalanine. Phenylalanine, 
as the sodium salt, was fed daily to a 2 kilo rabbit by stomach 


‘ The microanalytical determinations were carried out in the laboratory 
of Dr. Hans T. Clarke, to whom we wish to express our appreciation. 
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tube. On the first 2 days, 4 gm. daily were fed; on the next 6 
days, 6 gm. daily; and on the 9th day, 8 gm. No alkali or transi- 
tory ferric chloride test was obtained with the urines, but all of 
the urines gave the intense grass-green coloration with ferric 
chloride, which is characteristic of phenylpyruvic acid. These 
findings are in confirmation of previous work from this labora- 
tory (10). 

The experimental evidence detailed here demonstrates conclu- 
sively the experimental production of alcaptonuria in normal 
animals. It should be pointed out that for consistent production 
of experimental alcaptonuria in our animals, a daily intake of at 
least 3.0 gm. of phenylalanine per kilo was necessary. On the 
basis of our data, it would seem that the amounts of amino acid 
fed in earlier experiments with other species, including man, would 
hardly have been sufficiently great to have given rise to the uri- 
nary excretion of homogentisic acid. Even though in our experi- 
ments the amounts of phenylalanine fed were large, far in excess 
of the content of phenylalanine in the normal diet of the rat, we 
feel that our findings lend support to the theory of Neubauer (3) 
and that homogentisic acid may be regarded as a normal product 
of intermediary metabolism. 


SUMMARY 


1, After the daily oral administration of 1(—)-phenylalanine in 
amounts in excess of 0.3 gm. per 100 gm. of body weight to white 
rats, over a considerable period of time, the excretion of homo- 
gentisic acid in the urine was observed. The presence of homo- 
gentisic acid was demonstrated, not only by qualitative and quan- 
titative tests, but also by the preparation, from the experimental 
urines, of a derivative of homogentisic acid, dibenzoylhomogentis- 
amide, which was characterized by its melting point and ele- 


mentary analysis. 


2. These results lend support to the theory that homogentisic 
acid is an intermediate product of the normal metabolism of 


phenylalanine. 
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THE AVAILABILITY OF CALCIUM FROM CHINESE 
CABBAGE (BRASSICA PEKINENSIS, RUPR.) 


By HSUEH-CHUNG KAO, R. T. CONNER, anno H. C. SHERMAN 
(From the Department of Chemistry, Columbia University, New York) 


(Received for publication, December 18, 1937) 


McClugage and Mendel (1) reported that the calcium of 
spinach and carrots was poorly utilized by dogs, and suggested 
that these green vegetables should not be extensively used as a 
dietary source of calcium in place of milk. Rose (2), however, 
obtained positive calcium balances on women subjects receiving 
a diet in which more than half of the dietary calcium was sup- 
plied by carrots. Blatherwick and Long (3) concluded that the 
calcium derived from vegetables was capable of meeting the main- 
tenance needs of men. 

Rose and MacLeod (4) found that when almonds furnished 73 
per cent of the calcium of the diet, the calcium was as well uti- 
lized as that of milk or carrots. When, however, the almonds 
contributed 85 to 86 per cent of calcium, the utilization was not 
as efficient. Sherman and Hawley (5) found as a result of studies 
conducted on growing children that for these subjects the utiliza- 
tion of the calcium of vegetables was not as favorable as that of 
milk. Mallon, Johnson, and Darby (6) concluded, as a result of 
studies conducted on adult women, that the calcium of green 
lettuce was as well utilized as that of milk. Adolph and Chen (7) 
also reported that the calcium of soy bean curd cheese was as 
well utilized as that of milk. Fincke and Sherman (8) found that 
the calcium of kale was nearly as well utilized as the calcium of 
milk, but the calcium of spinach was utilized poorly if at all. 
Recently, Horwitt, Cowgill, and Mendel (9) upon conducting 
in vitro determinations found that about 30 per cent of the cal- 
cium of spinach was rendered soluble under the conditions of their 
experiment. 
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Plan of Present Work 


Whereas in the western hemisphere cow’s milk generally serves 
as an excellent source of calcium, in some Oriental countries it js 
rarely used, owing to its high cost and difficulty of adaptation to 
the traditional dietary habits of the population. The usual 
Chinese dietary consists largely, if not entirely, of cereals supple 
mented with green vegetables. As cereals are known to be inade 
quate in their calcium content, the only adequate known source 
of this element would be from the vegetables which supplement 
them in the dietary. Therefore this investigation was undertaken 
to determine the availability of the calcium of one of these typ- 


ical and widely used vegetables; namely, the Chinese cabbage 


(Brassica pekinensis, Rupr.). 

Young healthy albino rats which had been reared to 4 weeks of 
age on Diet 13 of this laboratory (one-third whole cow’s milk 
powder, two-thirds ground whole wheat with sodium chloride 
added to the extent of 2 per cent of the weight of the wheat) were 
placed on diets closely resembling Diet 13. In these experiments 
the milk was used in the form of skim milk powder, the butter 
fat being added separately. In the diet with which it was com- 
pared, half of the skim milk powder was replaced by sufficient 
Chinese cabbage to supply an equivalent amount of calcium. 
The fiber content of the two diets was also adjusted by adding 
Chinese cabbage fiber to the milk diet. At 60 days of age the ani- 
mals were killed, their bodies analyzed for calcium, and the 
storage calculated. 


EXPERIMENTAL AND DISCUSSION 


The Chinese cabbage was bought from time to time during the 
winter of 1936 to 1937 in an open market in New York. The rib 
leaf parts were separated from the stems and roots, thoroughly 
washed with tap water, rinsed with distilled water, and ait 
dried at room temperature and finally in an electric oven at 70° 
to avoid charring of the leaves. It was found that during this 
process of drying about 95 per cent of the fresh weight of the 
leaves was lost as moisture. The dried leaves were then finely 
ground and the whole amount mixed thoroughly together and 
finally stored in stoppered bottles. Two lots of the cabbage were 
prepared, the first lot containing more of the inner white leaves 
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and the second lot more of the outer green leaves. After the 
above method of drying, the two lots were thoroughly mixed 
together and sampled for analysis with the results shown in 
Table I. 

The same lot of skim milk powder was used throughout the en- 
tire investigation. The skim milk powder was analyzed with the 
results shown in Table IT. 

Calcium was determined by the modified MeCrudden method as 
described in previous publications (10) from this laboratory, phos- 
phorus by the double precipitation method of the Association of 


TaBie I 


Protein, Fat, Crude Fiber, Calcium, Phosphorus, and Moisture Contents of 
Dried Chinese Cabbage 














IL «000 os cn cinng nartemen ON bne amAeenen | 19.55 
Fat (ether extraction for 24 hrs.)........................ 2.12 
EE OO Ee 10.62 
iM cc. cecaesgnnenbsameséubieses aameul 0.84 
ee Ear a 0.74 
CE a | 2.09 
Tasie Il 

Caleium, Phosphorus, and Protein Contents of Skim Milk Powder 

per cent 

CR «a... « oweuigiie'es'sdwee wae ienalienent| aan 1.28 
CE a ee: | 1.05 
III 5... iui ss dan acs ani ocicameenen ene 33.07 





Official Agricultural Chemists, and nitrogen by the usual Kjeldahl 
method with copper sulfate as a catalyst. 

The butter fat used in this investigation was prepared from 
whole butter purchased from time to time in the open market. 
The whole butter was malted at about 65°, filtered, and the butter 
fat thus obtained stored under refrigeration until being used. 
The Chinese cabbage fiber was prepared from the dried leaves 
according to the method of the Association of Official Agricultural 
Chemists for crude fiber determinations, without the addition of 
asbestos. The dried fiber was ground to a fine powder and upon 
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analysis was found to have an ash content of 0.67 per cent and 
a calcium content of 0.08 per cent. 

The composition and analysis of the experimental diets ap 
given in Table III. The diets were so planned that they cop. 
tained approximately the same amount of calcium, phosphorus, 
and protein. 

Young, healthy, albino rats 28 days old, which had been reared 
on Diet 13, were placed in individual cages with raised screen 
bottoms and continued on the experimental diets until 60 days of 
age. Litter mates of the same sex were compared. The animals 




















TasB_e III 
Composition of Diets Containing Equivalent Amounts of Calcium 
: ‘| Diet 7 
Diet 771, 772, 
ate an 
aa | pereme =| | Smee 
ee ek INS vi cawenta see ten te 64.0 64.0 
ics Seg whibid want ah tittle uns 21.8 10.9 
EE ere eoxinate atinaiiate sie 6.9 6.9 
Dried Chinese cabbage Se ee 16.9 
Chinese cabbage fiber alias wnek ing 1.8 
Corn-starch.............. a on" 4.2 
EE BON. SOU, Soe ude ck nailed bidet ese 1.3 13 
/ 100.0 | 100.0 
0 RE Se ee weet 0.31 | 0.31 
ee cake < 0.42 | 0.42 
a ee sf id 14.44 14.18 





were so chosen that the initial body weights of the groups to be 
compared were approximately the same. Food and distilled 
water were available ad libitum. Records were kept of the 
amounts of food eaten, any food which was spilled being carefully 
separated from the feces and returned to the food cup. All the 
animals grew normally and were apparently in good health 
However, the average growth of the animals on the control diet 
was slightly higher than the average growth of those on the cab 
bage diet, as shown in Table IV. 

At 60 days of age the rats were weighed, killed with chloroform, 
and brushed to remove any food particles from the fur. The 
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gastrointestinal tract was dissected out, the contents removed, 
and the weight of the contents subtracted from the final weight 
of the rat to give net weight which was used as a basis in all cal- 
culations. The alimentary tract was discarded, as it had been 
previously shown in this laboratory that the calcium in the walls 
of the intestinal tract is negligible. The rats were then charred 


TaBLe IV 
Average Growth of Rats from 28th to 60th Day on Diets 771 and 772 





Sex (16 | Av | Average 
initial | net cents, | Avernee | Average grin per | Average gain 
gm. 

















Diet No. vats in 
ss, Se hakeienen 
gm. | gm, gm. | gm, | gm. 
771 M. | 52+1*| 74+2* 240 0.31+0.005*,| 2.13+0.04* 
772 . 5l+1 50+2 214 0.23+0.005 | 1.64+0.03 
771 F. | 4441 | 60242 221 0.27+0.004  1.85+0.03 
m7 | “ | 4441 | 4542 | 205 | 0.2240.003 | 1.5340.03 





* + average deviation of the mean. 


TABLE V 


Calcium Content of 60 Day-Old Rats Fed on Diets Containing Same Amount 
of Calcium from Milk or Chinese Cabbage 








Average | 
Diet = net | Av Ca Average total | Per cent body | Ca utilization 
No. ape body | intake body Ca Ca factor 








mel | = 
71 | M. |121+3*0.739+0.013*/0.994+0 .016*/0 830 .008*0 88-0 .006* 
72 | “ | 9742 0.656+0.019 0.870+0.017 (0.90+0.005 0.80+0.008 
71 | F. 10042 0.681+0.015 (0.90040.015 0.9020.005 0.8820 .007 
72 | “ | 85+2 0.631+0.016 0.79240.013 0.93+0.004 0.78+0.010 




















* + average deviation of the mean. 


and ashed according to the usual technique of this laboratory. 
The ash was dissolved in hydrochloric acid, filtered, diluted to 
500 ce. in a volumetric flask, and stored in glass-stoppered bot- 
tles. Aliquots of this solution were then taken for the calcium 
determinations according to the modified McCrudden method. 

The results are summarized in Table V. The bodies of males 
on the control diet contained an average of 0.83 + 0.008 per cent 
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calcium; on the cabbage diet 0.90 + 0.005 per cent. The bodies 
of females contained averages of 0.90 + 0.005 per cent calcium 
on the control diet and 0.93 + 0.004 per cent calcium on the eab- 
bage diet. Therefore the percentage of body calcium of both 
the male and female animals was slightly higher on the cabbage 
than on the control diet. This, however, is to be expected, as 
the animals on the control diet grew at a more rapid rate, the 
growth per gm. of food eaten being greater on the control than 
on the cabbage diet. 

In order to obtain a more significant basis of comparison be- 
tween the two diets, the calcium utilization factor, in Table V, 
was calculated. This was obtained by dividing the weight of © 
calcium stored in the body of the animals which were on the 
experimental diets by the weight of calcium ingested in the food 
eaten during the same period. The amount of calcium stored was 
found by subtracting from the total amount of calcium in the 
body at 60 days, the amount of calcium in the body at 28 days. 
The calcium content of 60 day-old rats was determined directly as 
shown in Table V, while that of 28 day-old rats was determined 
by the analysis at 28 days of age of litter mates of the animals 
reared to 60 days of age on the control and cabbage diets. The 
body weight of these animals was therefore approximately the 
same at 28 days of age as that of the animals used in the experi- 
mental diets. The method followed for determining the calcium 
content of these animals was exactly the same as that previously 
described for the experimental animals. The results are given in 
Table VI. The average percentage of body calcium for the male 
rats at 28 days of age was 0.74 + 0.008 per cent and for the 
female rats was 0.74 + 0.004 per cent. These values compare 
favorably with that of 0.67 per cent for males and 0.74 per cent 
for females obtained previously in this laboratory by Sherman 
and MacLeod (10) and by Sherman and Booher (11) on compar 
able animals of the same age. 

From Table V, it will be seen that the calcium utilization 
factor for the male animals on the control diet was 0.88 as com- 
pared with 0.80 for the males on the cabbage diet. In the cas 
of the female animals, the calcium utilization factor was 0.8 
on the control diet as compared with 0.78 on the cabbage diet. 

It is apparent from these values that sexual differences did 
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not influence the calcium utilization factor on either the control 
or cabbage diet, since the average utilization factors for the male 
and female animals were identical on the control diet, and on the 
cabbage diet the difference was only of the order of 0.02 with a 
probable error of the difference of 0.012. 

Table VII contains the probable error and coefficient of varia- 
tion obtained of the calcium utilization factors given in Table V. 


Taste VI 
Calcium Content of 28 Day-Old Rats Reared on Diet 13 





Sex (16rats in | 4) body Average net | Average total body 
= o_o ro =* ¢ Ca 

















| body weight Per cent body Ca 
gm. gm. gm. 

M. 52+2* 47+2* 0.345+0 .008* 0.74+0.008* 

F. 45+1 42+1 0.309+0 .005 0.74+0.004 





* + average deviation of the mean. 


Tasie VII 


Average Calcium Utilization Factors of Control and Cabbage Diets with Their 
Probable Error and Coefficient of Variation 




















pes sex |ATERBS| Protabte | Cgemcient 
tion factor tion* 
EE re es M. 0.88 | +0.005 3.6 
772. Chinese cabbage.............. as 0.80 | +0.007 4.9 
Es, cddnebcavadviveds F. 0.88 +0.007 4.4 
772. Chinese cabbage.............. ng 0.78 +0.009 6.7 





* Coefficient of variation of individual calcium utilization factors. 


From Table VII it is apparent that in comparing the control 
diet with the cabbage diet, the difference between the utilization 
factors was 0.08 for the males with a probable error of the differ- 
ence of 0.009, and 0.10 for the females with a probable error of 
the difference of 0.012. These differences are respectively 9 
times and 8 times their probable errors, and therefore are signifi- 
tant. Hence it is apparent that the calcium of Chinese cabbage 
isalmost but not quite as well utilized as that of milk, the utiliza- 
tio on the Chinese cabbage diet being approximately nine- 
tenths of that obtained on the milk diet. 
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SUMMARY 


In these experiments young, healthy, albino rats of the same 
nutritional history were placed, when 4 weeks old, on a diet in 
which practically all of the calcium was supplied by skim milk 
or on a diet in which half of the skim milk was replaced by enough 
finely ground dried Chinese cabbage (Brassica pekinensis, Rupr.) 
to provide the same amount of calcium. At 60 days of age the 
animals were killed and their bodies analyzed for calcium. 

It was found that the calcium of Chinese cabbage was almost 
as well utilized as that of milk, the utilization on the Chinese 


cabbage diet being approximately nine-tenths of that obtained 


on the milk diet. 
It would therefore appear that Chinese cabbage probably serves 
as an excellent and available source of calcium in the Chinese 


dietary. 
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STUDIES ON BIOLOGICAL OXIDATIONS 


X. THE OXIDATION OF UNSATURATED FATTY ACIDS WITH 
BLOOD HEMIN AND HEMOCHROMOGENS AS CATALYSTS 
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(From the Lasker Foundation for Medical Research and the Depariment of 
Medicine of the University of Chicago, Chicago) 
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The catalytic power of heme compounds (blood hemin and 
hemoglobin) on the oxidation of unsaturated fatty acids, first 
discovered by Robinson (1) and studied afterwards by a number 
of investigators, is of biological importance because of the wide- 
spread presence of hemes and hemochromogens in living cells. 
This catalytic power was reported to be insensitive to the inhib- 
iting power of HCN. In many of the experiments no distinction 
was made between the catalytic power of hemin and that of hemo- 
chromogens, for in most cases pyridine (a base which forms a 
hemochromogen) was used to dissolve hemin. In experiments on 
the effect of HCN fundamental precautions were disregarded. 
For these reasons a reinvestigation of the problem was considered 
necessary. In this paper are presented data on the catalytic 
power of hemin and hemochromogens on the oxidation of linseed 
oil and oleic acid, the effect of HCN on this catalytic power, and 
the effect of substances usually considered inhibitors of chain 
reactions. A study of these experiments favors the view that the 
oxidation of unsaturated fatty acids with hemes as catalysts is of a 
chain reaction mechanism. 


EXPERIMENTAL 


The rate of oxidation was determined with the Warburg-Bar- 
croft microrespiration apparatus. The pH values of the solutions 
were adjusted in each experiment by electrometric titration with 
the glass electrode. To avoid uncontrollable influences, in all 
these experiments, one sample of linseed oil and one of oleic acid 
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were used. In the absence of a catalyst these samples were not 
oxidized by atmospheric oxygen in 4 hours at 37° when in suspen- 
sion in buffer solutions of the pH values used in these experiments, 

Effect of pH on Oxidation of Linseed Oil with Blood Hemin Ag 
Catalyst—The rate of oxidation of linseed oil with ferricyanide as 
catalyst increases with the hydroxyl ion concentration, according 
to Chow (2). Kuhn and Meyer (3), studying the catalytic power 
of hemin on the oxidation of oleic acid, concluded that the opti- 
mum pH for this oxidation was between 7 and 8. (Their experi- 
ments were made only up to pH 9.05, and the precipitation of 
hemin starts at pH 6.6.) In the experiments reported here the 


rate of oxidation of linseed oil with hemin as catalyst increased - 


with the hydrogen ion concentration (Table 1). This increase 
may be attributed to the effect of pH on the oxidation-reduction 


Tape I 
Effect of pH on Oxidation of Linseed Oil by Atmospheric Oxygen with Hemin 
As Catalyst 
Concentration of linseed oil, 3 per cent; concentration of hemin, 8 X 
10-* mole per liter. Temperature, 38°. 





542 


019 | 9.99 | 1.88 











503 








O, uptake in 30 min., c.mm......... 475 | 363 | 260 





potential of blood hemin, since the potential becomes 60 milli- 
volts more positive for a change of 1 pH unit (Barron (4)). 
Catalytic Power of Blood Hemin and Hemochromogens on Oxida- 
tion of Linseed Oil by Atmospheric Oxygen—These experiments 
were performed in order to compare the rate of reaction to the 
free energy of the catalysts, the oxidation-reduction potential 
of which were determined by Barron (4). Unfortunately the 
large amount of base used to prevent dissociation of the hemo 
chromogen altered to varying degrees the state of aggregation d 
the fatty acid molecule; furthermore many of these bases acted 
as inhibitors (nicotine at pH 12.01 inhibited the oxidation almost 
completely). This catalytic power was studied at pH 12.10 and 
9.50. The catalytic powers of pilocarpine and histidine heme 
chromogens were the highest of all the hemochromogens studied 
(Table II). A similar finding on the high catalytic power @ 
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imidazole hemochromogens was reported by Langenbeck, Hut- 
schenreuter, and Rottig (5). No relation was found between the 
oxidation-reduction potential of the catalyst and the rate of oxida- 
tion of linseed oil. It may be recalled that Chow and Kamerling 
(6) and Chow (2) suggested that the rate of oxidation of oleic 
acid catalyzed by ferricyanide, and the oxidation of linseed oil 
catalyzed by ferricyanide, tungsticyanide, and molybdicyanide 
depended on the oxidation-reduction potential of the catalysts. 
Although Franke (7) has reported that linoleic acid is oxidized by 
certain amino acids, among them histidine, linseed oil in our ex- 


Tasie II 
Catalytic Power of Blood Hemin and Hemochromogens on Oxidation of 
Linseed Oil by Atmospheric Oxygen 


Concentration of linseed oil, 3 per cent; concentration of hemin, 8 X 
10* mole per liter. Temperature, 38°. 











] ; ; 
~—— Concentration O: uptake in 60 min. 
| | pH9.50 | pH 12.10 
mole per l. | c.mm. cmm. 
Pilocarpine. 2.5... eee. 0.06 864 | 887 
Es a aU nc ce nwe obieteic 0.06 724 | 
(a St. EE a ee, | 591 106 
a 0.05 524 
| 1.00 513 | 140 
SAREE Se 1.00 122 
EPs pee 0.06 26 | 143 








periments was not oxidized by histidine nor by any of the bases 
wed for hemochromogen formation. 

Effect of HCN on Oxidation of Linseed Oil with Hemin and Hemo- 
chromogens As Catalysts—The insensitivity to HCN of the cata- 
lytic power of heme compounds on the oxidation of fatty acids, 
first found by Robinson (1), has been the subject of repeated 
investigations. Unfortunately all these experiments were per- 
formed without due regard to (1) the degree of dissociation of 
HCN, (2) the possibility of formation of cyanide hemochromogen, 
(3) the rapid absorption of HCN by the KOH solutions used in 
the Warburg-Barcroft microrespirometers to absorb the CO, 
produced. Robinson did not give the pH of her solutions; 


f 













OE REN ot ee 


a 


aero 





232 Oxidation of Unsaturated Fatty Acids 


Wright and Van Alstyne (8) performed their experiments in | 
per cent Na;CO; solutions. Obviously they were comparing 
hemin and cyanide hemochromogen catalysis, and not the effect 
of HCN (pK of HCN, 9.1, Clark (9)). Kuhn and Meyer (3) 
in their experiments gave as their first figures on the rate of oxygen 
consumption those obtained 9 hours after addition of HCN, 
From Schmitt and Schmitt’s measurements (10) on the rate of 
HCN absorption by KOH in Warburg vessels it is easily inferred 


Taste III 


Effect of HCN on Oxidation of Linseed Oil with Hemin and Cyanide 
Hemochromogen As Catalyst 


Concentration of hemin, 8 X 10-* mole per liter. 








mole per l. mole per l. cmm, per cent 
Borate. 9.50 367 
. 9.50 0.06 0.0185 12.1 97 
= 9.19 504 
a 9.19 0.06 0.0283 39.8 92 
" 8.00 569 
ae 8.00 0.05 0.046 204 64 
Phosphate. 12.01 106 
- 12.01 0.1 172 Increase 
* 8.00 629 
a 8.00 0.05 0.046 264 58 
“ 6.96 633 
" 6.96 0.05 0.05 643 None 

















that after 9 hours there was left in the solution a vanishingly 
small fraction of the added HCN. 

The effect of HCN on the oxidation of linseed oil with hemin# 
catalyst was studied at different pH values and different HON 
concentrations, the concentration of hemin being kept constant 
(Table III). All these experiments were of short duration @ 
minutes) and the KOH solution used to absorb the CO; pe 
duced was saturated with KCN to avoid distillation of HON 
(Krebs (11)). For the interpretation of these experiments, the 
following must be taken into consideration: (1) the combinatiat 
of hemin with CN- to form cyanide hemochromogen, (2) tit 
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dissociation constant of this hemochromogen, and (3) the dis- 
sociation constant of HCN. In borate buffer at pH 9.50 and 9.19, 
where the ratio CN~:HCN was 2.24 and 1.12 respectively, HCN 
inhibited the oxidation of linseed oil to the extent of 97 and 92 
per cent respectively. In both cases hemin was present largely 
as cyanide hemochromogen. At pH 8, when the ratio of CN-: 
HCN was reduced to 0.087, thus diminishing the concentration 
of cyanide hemochromogen, the inhibition was reduced to 64 
percent. In phosphate buffer, at pH 12.01, where all the KCN 
added was practically in the form of CN-, the rate of oxidation was 
greater than that produced by hemin alone. At pH 8, HCN 
caused an inhibition of 58 per cent. At pH 6.96, where there 
was practically no CN~ and therefore no hemochromogen forma- 
tion, HCN had no effect on the oxidation of linseed oil with hemin 
as catalyst. Since this inhibition was higher at a hydrogen ion 
concentration where CN~- and HCN were present roughly in 
equal concentration, and disappeared as soon as either CN- 
(pH 6.96) or HCN (pH 12.01) concentrations became vanishingly 
small, the inevitable conclusion was that HCN inhibited the 
catalytic power of cyanide hemochromogen but had no effect on 
hemin catalysis. This inhibiting effect of HCN on hemochromo- 
gen catalysis and not on hemin catalysis was also observed with 
pyridine hemochromogen at pH 7.01. In the presence of 2 m 
pyridine per liter (sufficient to maintain all the hemin as hemo- 
chromogen) 0.01 m per liter of HCN inhibited the oxidation com- 
pletely. When the concentration of pyridine was lowered to 1 m 
per liter to allow dissociation of the hemochromogen with conse- 
quent formation of hemin, the inhibition was considerably re- 
duced (Fig. 1). 

Effect of Chain Reaction Inhibitors on Oxidation of Linseed Oil— 
The autocatalytic character of the so called autoxidation of fats 
and fatty acids, the inhibition of this oxidation by addition of 
antioxidants, the inhibition of linseed oil oxidation with ferri- 
cyanide as catalyst on addition of a series of derivatives of aniline 
and phenol (Chow (2)), and the inhibiting effect of a number of 
phenol derivatives (Franke (7)) indicate that the oxidation of 
fatty acids might be of a chain reaction mechanism. The effect 
of inhibitors usually classed as chain reaction inhibitors on the 
oxidation of linseed oil and oleic acid with hemin as catalyst is 
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Fig. 1. Effect of HCN on the oxidation of linseed oil with pyridine 
hemochromogen as catalyst. pH,7.01. Curve 1, pyridine hemochromogen 
with pyridine, 1 mole per liter; Curve 2, same with HCN, 0.01 mole per liter; 
Curve 3, pyridine hemochromogen with pyridine, 2 moles per liter; Curved, 
same with HCN, 0.01 mole per liter. Abscissa, time in minutes; ordinate, 
O; uptake in ¢.mm. 





Taste IV 
Oxidation of Linseed Oil and Oleic Acid with Hemin As Catalyst. Effect of 
Chain Reaction Inhibitors 


The linseed oil oxidation was carried out at pH 6.96, temperature 27°, 
in air; hemin concentration, 8 X 10-* mole per liter. The oleic acid oxida 
tion, at pH 6.70, temperature 38°, in oxygen; hemin concentration 1.6 X 10“ 
mole per liter. 

















Inhibitor Concentration | Jinseed oil | Oleicasid 
mole per |. per cent per cent 

GN ics oh iNs Cai ce esi 0.001 Complete | Complete 
p-Aminophenol............... 0.001 95 
Et sada nne oi 0.001 OF 85 
ss 0 ities oe’ sie san 0.001 91 52 
2,6-Dichlorophenol indophenol.| 0.00003 36 47 
Dimethyl! aniline............. 0.001 (About) 35 92 
INL, di, si lod babe deeewi 0.001 22 54 
p-Bromophenol............... | 0.001 None 40 





reported in Table IV. The oxidation of linseed oil was inhibited 
at varying degrees by all of them except p-bromophenol. The 
oxidation of oleic acid was inhibited by all the inhibitors used. 
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Mechanism of Catalytic Effect of Hemin and Hemochromogens 
on Oxidation of Unsaturated Fatty Acids—In the series of oxidation 
reactions studied in this laboratory, where heme compounds acted 
as catalysts (the oxidation of lactate activated by the activating 
enzyme of a-hydroxyoxidase (12), the oxidation of ascorbie acid 
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Fic. 2. Effect of HCN on the oxidation of linseed oil with cyanide hemo- 

chromogen as catalyst. pH, 9.19; temperature, 38°. Concentration of 

HCN, 0.0283 mole per liter; concentration of cyanide hemochromogen, 

8X 10 mole per liter. Abscissa, time in minutes; ordinate, O, uptake in 

¢mm. Curve 1, HCN added 10 minutes after hemin addition; Curve 2, 
HCN added before hemin addition. 


(13), the oxidation of glutathione (14)) it has been shown that 
the reaction mechanism was of the general type 


AH + Fe**+ + A + Fe** + Ht 


(where AH represents the oxidizable substrate and A the oxida- 
tion product), the ferro compound being reoxidized by atmospheric 
oxygen. When either linseed oil or oleic acid was mixed with a 
ferrihkemochromogen in the absence of oxygen, the spectrum of 

hromogen appeared very slowly and the concentration 
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of it never exceeded 8 to 10 per cent of the ferrihemochromogen 
added. Similar findings were made by Wright, Connant, and 
Kamerling (15) when studying the catalytic effect of ferricyanide 
in the oxidation of oleic acid. It seems likely that the function of 
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Fic. 3. Effect of p-aminophenol (0.001 mole per liter) on the oxidation 
linseed oil with hemin as catalyst. pH, 6.96; temperature, 28°. Abscissa, 
time in minutes; ordinate, O, uptake inc.mm. Curve 1, control; Curve? 
p-aminophenol added 20 minutes after hemin addition; Curve 3, p-amino- 
phenol added 10 minutes after hemin addition; Curve 4, p-aminophendl 


added before hemin addition. 


heme compounds is similar to that of Cu*+ ions in the oxidation 
of sodium sulfite, which, according to Haber (16), have the fune 
tion of facilitating the formation of initial centers responsible for 
the development of the chain. Once the chain reaction is 
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and the reaction velocity has reached its constant value, the in- 
hibiting effect must be quite small compared with its action when 
added at the initial period. This is clearly shown in experiments 
with HCN as the catalyst inhibitor and cyanide hemochromogen 
as the oxidizing catalyst (Fig. 2). HCN added before addition 
of the catalyst produced a large and permanent inhibition (92 
per cent), but when it was added after the reaction velocity be- 
came constant the inhibiting power was small indeed. On the 
other hand, a chain reaction inhibitor will inhibit the reaction 
velocity of a chain reaction whether it is added at the start of the 
reaction or later, the inhibiting effect depending on the length of 
the chain and concentration of inhibitor. p-Aminophenol, a 
chain reaction inhibitor, was added either before or after addition 
of the catalyst. In every instance the inhibiting effect reached 
identical values (Fig. 3). 


SUMMARY 


The oxidation of linseed oil by atmospheric oxygen with hemin 
as catalyst increases with the hydrogen ion concentration up to 
pH 6.96. Ina study of the reaction velocity of this catalysis with 
blood hemin and a series of hemochromogens, histidine and pilo- 
carpine hemochromogens were found to be the most effective 
catalysts. HCN had no influence on the catalytic action of 
hemin but inhibited the catalytic action of hemochromogens. 
Chain reaction inhibitors inhibited the oxidation of linseed oil 
and oleic acid with hemin as catalyst. This action, together with 
a comparative study of the effect of catalyst inhibitors and chain 
reaction inhibi‘ors, indicates that the oxidation of these fatty 
acids is of a chain reaction mechanism. 
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THE EFFECT OF JAUNDICED BLOOD UPON NORMAL 
DOGS, WITH SPECIAL REFERENCE TO THE 
SERUM PHOSPHATASE 


By SMITH FREEMAN anp YEN PING CHEN* 


(From the Department of Physiology and Pharmacology, Northwestern 
University Medical School, Chicago) 


(Received for publication, December 6, 1937) 


The origin of the increased serum phosphatase which occurs in 
certain diseases (1-4) is debated and uncertain. Its rate of pro- 
duction and removal from the blood stream is also unknown, as 
well as its influence upon other blood constituents. As a part 
of a study of this enzyme, we have determined the rate of removal 
of abnormal concentrations of phosphatase from the circulation 
of normal dogs. This study has also included, since the source 
of the enzyme was blood from jaundiced dogs, observations on the 
effect of jaundiced blood upon the serum inorganic phosphorus 
and sugar of normal dogs. Finally, the effect of the transfusion 
of normal blood upon normal recipients has been determined. 


Methods 


The donors were all large (40 pounds or more) dogs whose 
common bile ducts had been ligated, with the exception of the 
normal donors, 10 to 15 days prior to the time of transfusion. 
Usually one donor supplied sufficient blood for two recipients. 
The recipients were all medium sized (approximately 25 pounds) 
dogs that had been fasted for 12 hours before the transfusion. 

Every experiment was preceded by cross-agglutination tests 
and no incompatible recipients were used. The donor and both 
recipients were anesthetized with nembutal (1 grain for every 
5 pounds) a few minutes before the transfusion; then the common 
carotid of the donor was exposed and prepared for cannulation; 
next the external jugular vein of each recipient was exposed and 
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prepared for cannulation. A 300 cc. glass bulb' with one end 
drawn into a cannular form was used to transport blood from the 
donor to the recipient. The glass bulb was coated with paraffin 
and no anticoagulant was used. 250 to 300 cc. of blood were 
transfused, according to the weight of the recipient. The trans- 
fusions were given rapidly and both were completed within § 
minutes. Samples of blood were drawn from the donor and both 
recipients just before the transfusion and from the recipients 5 
minutes, 1 hour, 2 hours, 4 hours, and 6 hours after the transfu- 
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Fic. 1. Average serum values on ten dogs given transfusions of normal 
blood. 


sion; some of the recipients were studied for several days following 
the transfusion. The following analytical methods were em- 
ployed: serum inorganic phosphorus and phosphatase according 
to Bodansky (5), and the serum sugar after Shaffer and Hartmann 
as modified by Somogyi (6), with the latter’s method (7) of pre 
paring a protein-free filtrate of serum. 


1 We are indebted to Dr. R. B. Lewis of the Chemistry Department for 
making these bulbs. 
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EXPERIMENTAL 


Transfusion with Normal Blood—Fig. 1 shows the average 
results of ten dogs given transfusions of normal blood. It shows 
that such a transfusion has no effect upon the serum phosphatase; 
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Fig. 2. Average serum values for ten dogs showing an increase in serum 
sugar after receiving jaundiced blood. 


4 transient rise in blood sugar occurs with a return to the pre- 
transfusion level by the end of the Ist hour. The changes in 
serum inorganic phosphorus are irregular and inconstant. 
Transfusion with Jaundiced Blood—Fifteen recipients were 
given transfusions of jaundiced blood. Ten showed a serum 
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sugar rise of 10 mg. or more and the others showed either no 
elevation or a decline in serum sugar after the transfusion. The 
results have been divided on the basis of the serum sugar response. 
The average serum values of the hyperglycemic group are pre- 
sented in Fig. 2; those for the other five dogs in Fig. 3. Fig. 2 
shows a hyperglycemia which begins promptly after the trans- 
fusion, reaches a maximum between the Ist and 2nd hours, and 
subsides to approximately normal by the end of the 4th hour. 
The serum inorganic phosphorus in some instances appears to 
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Fic. 3. Average serum values for five dogs given transfusions of jaun- 
diced blood, but showing no increase in serum sugar. 


bear an inverse relation to the serum sugar, yet the predominant 
tendency is for the serum phosphorus eventually to rise, usually 
by the end of the 4th or 6th hour. The serum phosphatase in- 
variably rose to a high level and remained unchanged throughout 
the course of the experiment. Fig. 3 shows the results on five 
of the fifteen dogs receiving jaundiced blood. The serum sugat 
showed practically no rise in any instance (less than 10 mg), 
and four of the dogs showed a definite decrease in 4 or 6 hours. 
The serum inorganic phosphorus rose in every instance, the 
maximum rise generally occurring 2 or 4 hours after the transfu- 
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sion. The behavior of the serum phosphatase in this group is 
not included, as it was identical with that shown in Fig. 2. 
The return of the serum phosphatase toward normal is shown 
in Fig. 4 and one notes that the rate of removal is much more 
rapid for high concentrations of the enzyme in the serum, and that 
the increased concentration is only slowly reduced as the level 
approaches normal; it has not completely returned to the pre- 
transfusion level as late as the 8th day after the transfusion. 
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Fig. 4. The rate of disappearance of phosphatase from the serum of 
dogs given transfusions of jaundiced blood or serum. 


DISCUSSION 


Bile may contain anywhere from a few to several hundred units 
of phosphatase per 100 cc., depending upon the method of estima- 
tion and the source of bile. Armstrong, King, and Harris (8) 
reported high and widely varying values for the phosphatase con- 
tent of bile with phenyl phosphate as the substrate for enzyme 
determination. They believe that serum phosphatase originates 
in bene and is excreted in the bile. Greene, Shattuck, and Kaplo- 
witz (3) also recognized the existence of phosphatase in bile but 
they believed that this enzyme originated in the liver. We have 


found widely varying amounts of phosphatase in bile depending 


upon whether it was gallbladder or fistula bile, and if it was 
fistula bile, upon whether or not there was a hepatitis. In 
hepatitis, when the bile is of low viscosity and lightly colored, the 
phosphatase content is relatively low (10 to 25 units per 100 cc.). 
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The bile flow in a dog is several hundred cc. per day (200 to 
500 cc.) and the phosphatase content, in our experience,? 25 to 
100 Bodansky units per 100 cc. of fistula bile. These values al- 
though much lower than those found by Armstrong, King, and 
Harris (8) still make the phosphatase contained in the daily 
output of bile several hundred units, and it seems unlikely that 
so much phosphatase could be derived from the serum when an 
excess is removed from the blood so slowly; particularly is this 
rate of removal slow as compared to that of the other constituents 
of bile. 

Some relation between carbohydrate metabolism and serum 


phosphatase has been recognized. Kay (1) reported somewhat — 


elevated values for serum phosphatase in clinical cases of diabetes. 
Freeman and Farmer (9) reported that a high carbohydrate-low 
protein diet causes an increase in the serum phosphatase of dogs 
previously fed a high protein diet. Bodansky (4) found that 
the ingestion of glucose or dextrin caused a transient increase in 
serum phosphatase as well as a decline in inorganic phosphorus. 
Binet and Pantrat (10), Shelling (11), and Freeman and Ivy (12) 
have all studied the effect of pancreatectomy upon the serum 
phosphatase of dogs. The latter investigators related the 
diabetic elevation of phosphatase to the prediabetic diet, and 
found that atrophy or subtotal pancreatectomy only slightly in- 
fluenced the serum phosphatase. The present experiments do 
not permit one to decide as to the identity of the hyperglycemic 
substance contained in jaundiced blood. Certainly the animals 
receiving jaundiced blood showed a much more frequent, pro- 
nounced, and prolonged hyperglycemia than those receiving nor- 
mal blood. The failure of some recipients receiving jaundiced 
blood to show a hyperglycemia is probably due to some difference 
between the recipients themselves; since it was noticed that of 
two recipients receiving blood from the same donor one might 
show a hyperglycemia, while the other would not. The pharma- 
cologic effect of those constituents of bile that have been studied 
appears to be hypoglycemic (13, 14) upon injection into the eit 
culation. Experiments with a purified phosphatase will be neces 


? We are indebted to Dr. E. J. Kocour for allowing us to use bile from 
his bile fistula dogs. 
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sary before one can determine whether or not the hyperglycemia 
js due to the serum phosphatase elevation. 

The serum inorganic phosphorus elevation was more constant 
and pronounced in the dogs receiving jaundiced blood. Experi- 
ments reported by Freeman and Farmer (9) indicated that an 
inverse relationship may exist between the serum phosphatase 
and the organic acid-soluble phosphorus of whole blood. If the 
serum phosphatase can reduce the concentration of organic acid- 
soluble phosphorus of the red blood cell, then the hydrolysis of 
this substrate may be responsible for the increased serum inor- 
ganic phosphorus. This increase is probably partially obscured 
in ten of the dogs by the simultaneous hyperglycemia, which 
normally has a tendency to depress the serum inorganic phos- 


phorus. 


SUMMARY 


1. The serum phosphatase in normal dogs can be raised for 
several days by transfusing blood from a dog with obstructive 
jaundice. This slow disappearance of the injected phosphatase 
indicates that most of the phosphatase in bile does not come from 
the blood plasma, or that the phosphatase in jaundiced blood is 
bound to some substance which retards its excretion by the liver. 

2. Changes of serum sugar and inorganic phosphorus occur in 
dogs following normal blood transfusion. 

3. Marked hyperglycemia occurred in ten of fifteen dogs after 
transfusion with jaundiced blood. 

4. Changes of serum inorganic phosphorus reciprocal to those 
of serum sugar occur in dogs given transfusions of jaundiced blood. 

5. The relation between serum phosphatase and certain non- 
osseous factors which influence it is discussed. 
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BLOOD PLASMA PROTEINS IN RATS FOLLOWING 
PARTIAL HEPATECTOMY AND LAPAROTOMY* 


By ALFRED CHANUTIN, J. C. HORTENSTINE, W. 8. COLE, anp 
STEPHAN LUDEWIG 
(From the Laboratory of Physiological Chemistry, University of Virginia, 
University) 
(Received for publication, January 3, 1938) 


The present communication is a study of the changes in albumin, 
globulin, fibrin, total protein, and albumin to globulin ratios in the 
plasma of rats following partial hepatectomy. Similar observa- 
tions were made after laparotomy and in normal animals for 
comparison. Partial hepatectomy seemed particularly appro- 
priate to the study of the rdéle of the liver in the fabrication of 
plasma proteins for several reasons. In the first place, 70 per 
cent of the liver substance can be removed safely (1, 2). In the 
second place, regenerative changes following this operation have 
been studied in detail. For example, it has been shown that 
during the first 24 hours there is no mitotic activity and the water 
content of the liver stump is markedly decreased, probably from 
the increased deposition of fat. Evidences of regeneration are 
most marked on the 3rd day. The water content, number of 
cells, size of the cells, the chemical composition, and weight change 
rapidly then and the liver appears to be normal about the 14th 
day. In the third place, previous methods which made use of 
total hepatectomy (3), hepatoxic chemicals (4), Eck fistula animals 
(5), and patients with liver disease (6) did not lend themselves to 
quantitative comparisons because of the lack of any uniformity in 
the pathological physiology. 

Inbred male albino rats, 60 days of age, of Wistar stock, raised 
in this laboratory were used. Partial hepatectomy, under ether 
anesthesia, was carried out according to the procedure of Higgins 
and Anderson (1); 60 to 75 per cent of the total liver tissue was 


* This investigation was made possible by the Edward N. Gibbs Prize 
Fund of the New York Academy of Medicine. 


247 














248 Blood Plasma Proteins 


removed. Other animals were subjected to laparotomy alone, 
at which time the liver was handled and the intestines exposed for 
a period similar to that occupied by partial hepatectomy. The 
animals were fed a stock diet and were allowed food and water 
up to the time they were sacrificed. Intact animals served as 
controls. Blood was drawn from the abdominal aorta and was 
prevented from clotting by use of uniform concentrations of 
potassium oxalate. Globulin was precipitated with 22.2 per cent 
sodium sulfate and filtered through a Whatman No. 50 filter paper 
after incubation overnight. Fibrin was prepared for analysis 
from 1.0 cc. of plasma according to Cullen and Van Slyke’s method 
(7). Protein nitrogen was determined by the micro-Kjeldahl 
procedure. Non-protein nitrogen was determined according to 
the procedure of Daly (8). Albumin and globulin were deter- 
mined in each individual animal. Animals with gross signs of 
wound infection were not studied. 


Results 


The results obtained on each rat subjected to laparotomy and 
partial hepatectomy are presented graphically in Figs. 1 to 5. The 
maximum and minimum variations in the ‘‘control’’ values for 
total nitrogen, albumin, globulin, and fibrin in the plasma of the 
intact rats are represented by two lines in each figure. 

The values for fibrin in the laparotomized and partially hepa- 
tectomized rats are represented in Fig. 1. Since the concentration 
of fibrin is comparatively small, the scale has been magnified in 
Fig. 1. It can be seen that laparotomy exerts a profound influ- 
ence, as is evidenced by the fibrin concentrations on the Ist day. 
These values decrease slowly and only two fall within the control 
range during the first 9 days, while the majority remain elevated 
until the 18th day. After hepatectomy there is a marked varia- 
tion in the fibrin concentrations on the Ist day, but it is striking 
that removal of liver tissue has not been followed by the marked 
rise seen after laparotomy. The highest concentrations after 
partial hepatectomy were obtained during the 4th to 10th day. 
Thereafter there was a gradual general decrease in fibrin concen- 
tration, but the control range was not consistently reached by the 
30th day after hepatectomy. The results seem to confirm pre 
vious evidence that the liver is of primary importance in the 
manufacture of fibrinogen. 
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The average of the albumin concentration is definitely decreased 
during the first 12 days after laparotomy (Fig. 2). By the 18th 
day all were within the control range. In the partially hepatec- 
tomized rats, the albumin concentrations decreased on the Ist day. 
On the 2nd and 3rd days, not a single value was within the control 
range. The albumin concentrations tended to remain low until 
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Fic. 1. Individual and mean values for fibrin nitrogen following partial 
hepatectomy and laparotomy. 


the 18th day, when most of the values fell within the control 
range. 

There appeared to be only a slight effect on the plasma globulin 
concentrations in the laparotomized animals during the first 6 
days after operation (Fig. 3). After this time the globulin values 
tended to remain elevated until the end of the experiment on the 
30th day. After partial hepatectomy the globulin is lowered on 
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the 1st day and is followed by an immediate rise to the control 
level on the 3rd day. After this there is an increase in the mean 
values, although the majority are within the control limits. The 
total nitrogen concentrations remained within the control range 
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Fig. 2. Individual and mean values for albumin nitrogen following partial 
hepatectomy and laparotomy. 


in the laparotomized rat with a few exceptions (Fig. 4). The 
effect of partial hepatectomy was manifested by results wel 
below the control level during the first 5 days. Values fluctuated 
until the 16th day, after which practically all values were normal. 
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Fic. 3. Individual and mean values for globulin nitrogen following 
partial hepatectomy and laparotomy. 


The albumin to globulin ratios of the laparotomized rats tended 
to remain low because of the proportionately greater increase in 
the globulin fraction. The ratios of the partially hepatectomized 
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rats remained normal during the Ist day, which demonstrates an 
equal effect on albumin and globulin. After this time the mor 
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Fia. 4. Individual and mean values for total protein nitrogen following 
partial hepatectomy and laparotomy. 


rapid regeneration of globulin in the respective animals manifested 
itself in the large number of low ratios. Most of the values were 
within the control range after the 18th day (Fig. 5). 
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Comment 


The effects of laparotomy and partial hepatectomy on the 
albumin, globulin, and fibrin of the plasma are compared in Fig. 6, 
in which average values are plotted. The distribution around 


























ALBUMIN: GLOBULIN RATIO 
so). : , 
“0-4 ° ; . ad - 
B0— ° a ° . £ 5 
& i 3 ° : . 4 . 
a1 > « ° ° i ’ ° s ¥ 
i .* = . $s 68 
uo— s - ¢ aT? ; t _- t . & 
100 — 773°! ° ° e 4 
° ve . = @ + 7 we q 
Qo — esis = + oS = ° 8 . ) f 
eee 'T 3: 0 & 7° , 
080 — Se s ° ° . 
070 ee %  ° PARTIAL HEPATECTOMY Py 
PITT ETELTEPTEPTITEETT EET ETT &% 
Vv 
“4 “ | 
140 ? 
set 
120 —4 on ~ = 2 . > 
of . e bd 8 ° e a2 
mre S° § 6 8 or ee 
100 25 $F i & ; a s —_ ¥ 
° — @ e . e > 
Q30 eta" . 8 ? T ° ° 
oso , v Se 2 : : 
070 — 7 
LAPARO TOMY 
060 — 
Pere e UU RES RU SSE OES U0 C18 ee ee ee 
24 6 8 W l2 4 6 B 20 22 2%4 2% 2B W 
DAYS AF TER OPERATION 


Fic. 5. Individual and mean values for the albumin to globulin ratio 
following partial hepatectomy and laparotomy. 


the average of the “normal’’ values of the control intact rats was 
not essentially changed between the 60th and 90th days of life. 

It will be seen that there is an obvious effect on the plasma 
proteins following the control laparotomy operation. There is an 
immediate and prolonged decrease of the plasma albumin which is 
difficult to explain unless one assumes that tissue damage reduces 
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the stimulus to albumin formation. There is an immediate and 
very sustained rise in the plasma globulin which indicates that 
the operative procedure of laparotomy alone stimulates globulin 
production at once and for a long period. There is an immediate 
but less sustained elevation of the plasma fibrin which appears 
attributable also to the tissue injury per se. 

At first glance, it seems that the more marked alterations in the 
plasma proteins which occur after the partial hepatectomy might 
be ascribed to the greater operative procedure and the greater 
































JOONTROL -—+—+—+ 
< AVERAGE VALUES FORCLAPAROTOMY 
2 PARTIAL HEPATECTOMY ~ -~---» 
2 550— en 
cen ee NT 
3 so] ALBUMIN 
«x 400— al 
& a. 

500 + a ae 2 
Ee a a es, ae bit” 
8 aoo _* GLOBULIN 
= dé 
2 10o—- 

z 

- SO— Si EEE See ee 

9 FIBRIN 

= TTTTTTITITITIITITITITIITITT TTT TTT 
24 6 8 © i2 4 6 B 20 22 24 26 28 W 


DAYS AFTER OPERATION 


Fic. 6. Comparison of the mean values for albumin, globulin, and fibrin 
nitrogen in the partially hepatectomized and laparotomized rats. 


postoperative disturbance. The effect on the plasma albumin is 
of the same kind as that following laparotomy alone and only the 
degree is accentuated. This further decrease in the plasma 
albumin cannot with certainty be attributed to the reduced liver 
substance rather than to the larger operation, but it would be 
difficult to devise any operative procedure which would serve as aa 
adequate control to determine this point. On the other hand, 
the plasma globulin and fibrin do not increase over the laparotomy 
levels in the first few days after operation when the tissue injury 
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js at its greatest and the liver function at its least. The most 
probable explanation for this fact appears to be that the deficient 
liver cannot meet the stimulus for increased production of globulin 
and fibrin. If this is true, one must conclude that the liver is 
intimately associated with the fabrication of these substances. 

The abnormal distribution of plasma albumin and globulin 
associated with pathological livers is assumed by most investiga- 
tors to be the direct effect of hepatic insufficiency. This may 
possibly account for the decreased albumin but not for the in- 
creased globulin. In conditions in which the liver is not directly 
involved, such as malnutrition, renal diseases, and plasmapheresis, 
similar plasma protein changes are noted. At present there is no 
evidence for associating the liver directly with the plasma albumin- 
and globulin-regenerating mechanism. 


SUMMARY 


The concentration of blood plasma fibrin, albumin, and globulin 
was determined at frequent intervals in rats subjected to partial 
hepatectomy and to laparotomy alone. 

A decrease in all these fractions was noted on the Ist day after 
partial hepatectomy. Fibrin and globulin concentrations in- 
creased on the 2nd and 3rd days and tended to remain above the 
normal values for the 30 day period of observation. The albumin 
concentration remained depressed until the 4th week after 
operation. 

Laparotomy was followed immediately by increases in the con- 
centration of fibrin and globulin and a decrease in the albumin. 
The globulin fraction remained high during the entire period of 
observation, and albumin and fibrin approached normal about 
the 18th day. 

The most important effect of tissue injury and reduction of liver 
tissue is in the prolonged reduction of the plasma albumin which 
is accompanied by increased globulin concentrations. 

These experiments do not necessarily support the thesis that 
the liver is directly involved in the fabrication of plasma proteins. 
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There is a considerable amount of evidence that cyclic variations 
may occur in the water, glycogen, and protein contents of the 
liver. However, there is a disagreement as to whether such al- 
terations are to be ascribed to nutritional differences or whether 
they may also occur in fasted animals independent of the food 
intake. 

From histochemical evidence on rabbits Forsgren (1) concluded 
that the liver exhibited an assimilatory cycle during the night, 
when glycogen storage was at its maximum and bile production 
was at the minimum. During the daytime a secretory cycle ob- 
tained, during which period the conditions were reversed. Such 
variations took place in spite of an abundant food supply at all 
times. Forsgren’s results were confirmed by Agren, Wilander, 
and Jorpes (2) on rabbits, rats, and mice. Diurnal variations in 
susceptibility of mice to insulin were noted, about twice the dose 
of insulin being required to produce convulsions at night when 
the glycogen reserves were high as during the day. Moreover, 
about 20 per cent higher excretion of urinary nitrogen was noted 
during the night in fasted as well as non-fasted rabbits than during 
the day. 

That such diurnal changes are independent of nutritional differ- 
ences is challenged by Higgins, Berkson, and Flock (3). Although 
cyclic variations were noted with rats after a meal at 9 to 11 a.m., 
after which the water, glycogen, and protein content reached max- 

*This work was assisted by a research grant from the Rockefeller 
Foundation. 
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ima at 7 p.m. and again at 11 p.m., such a condition was not m 
peated on the next day if fasting continued. Moreover, thege 
investigators later reported (4) that the liver glycogen was prac. 
tically constant in various groups of rats 6 hours after feeding 
periods spaced at 2 hour intervals during the day and night, 
They conclude that there is little variation in the total weight of 
the liver or of its glycogen or water content during a 24 hou 
period except changes to be ascribed to food consumption. They 
also believe that the sources of glycogen other than from the 
gastrointestinal tract are probably insignificant in the cyelie 
changes. 

Although there is a fairly close uniformity in the changes in 
weight of the water and glycogen when compared with the con- 
trol levels, actually there are variations in liver glycogen of more 
than 50 per cent from the minimum mean to the maximum one in 
the results of Higgins, Berkson, and Flock (from 4.71 per cent, 
3 a.m., to 7.16 per cent, 1 p.m.). Such wide variations in glycogen 
store might actually represent true cyclic variations or they might 
occur because other physiological factors were active which were 
not compensated for because of the relatively small number of 
animals in each group. For example, sex plays a most important 
role in determining the amount of glycogen which may be present, 
as noted for fasting animals by Deuel, Gulick, Grunewald, and 
Cutler (5) and for unfasted rats by Deuel, Hallman, and Murray 
(6). Moreover, age is an important factor and is associated with 
variations in glycogen store of unfasted rats (7), particularly m 
female rats about 3 months of age, when it reaches a minimum 
level. With animals 4 months of age and older, it seems from our 
more recent experiments that the sexual variation in liver glycogen 
is much less exaggerated. 

In the present tests we have attempted to determine whethers 
diurnal variation could be noted in rats killed at various periods 
without fasting; we desired to ascertain also whether a constant 
level of liver glycogen could be demonstrated 12 hours after the 
administration of a standardized glucose test meal in animals pre 
viously fasted for 2 days. By killing our rats this length of time 
after the glucose was fed, the inequalities due to irregularities 2 
rates of absorption are largely avoided. Lastly, we have sought 
to avoid complications caused by sex and age by making compar 
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jsons on rats of the same sex and approximate age. By using 
very large groups, the effects of other unknown physiological 
factors which may alter the glycogen deposition have been mini- 
mized. 


Procedure 


In the first group of experiments (Table I) the rats were killed 
without fasting at 4 hour intervals from 8 a.m. during the day and 
night. In the second series of tests (reported in Table III), 
the rats were fasted a minimum of 48 hours (in some tests for 59 
hours), at which time they were given 50 per cent glucose by stom- 
ach tube in a dose of 1 cc. per 100 sq. cm. of body surface. This 
dose could be well tolerated without any diarrhea. The body 
surface was calculated by the formula of Lee (8) from the weight 
after the preliminary fast period. The animals were killed under 
amytal anesthesia 12 hours later, the liver was removed, frozen 
in an ether-solid carbon dioxide mixture, and weighed. Glycogen 
was determined by the procedure of Good, Kramer, and Somogyi 
(9). In most of the tests thirty rats (fifteen males and fifteen 
females) were killed at 3 minute intervals during the period 45 
minutes before and after the hour noted for the time of killing of 
each group. 

Rats from our own colony previously on our stock diet were 
used. In the first group the rats were all approximately 4 months 
of age. They were so distributed that animals from a given 
litter were placed in the ‘groups killed at various time intervals. 
The age of the animals used in the second series of tests was from 
8to4months. However, these were also so distributed that the 
ages averaged practically the same in the various time groups. 


Results 


The average values of body weight, liver weight, and liver glyco- 
gen for the groups killed without fasting at various time intervals 
are summarized in Table I. 

In order to obtain a measure as to the food intake, the whole 
gut was removed from the esophagus to the anus, and its weight 
was noted. The average values are recorded in Table II. 

The data on the variations in liver glycogen found after the 
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feeding of a standardized glucose meal are summarized in Table 
Ill. The first series of tests was carried out in June, 1937, on 
approximately thirty animals in each group (fifteen males and 
fifteen females), while an additional series throughout the 24 
hours of a like number was carried out in September, and a third 
series throughout the night groups during the latter period. No 
essential differences were noted in the groups which might be 
ascribed to seasonal changes. Differences in the means of the 
various groups were minimized by increasing the number of ob- 
servations. 


TaBLe Il 


Average Weight of Gastrointestinal Tracts with Contents from Rats Killed 
without Fasting 
No. of experiments Average weight of ou end cantante 








Time killed Gm. per rat Gm. per 100 sq. cm. 
Male | Female | — —@-——— | —————_- 

Male Female Male Female 

8.00 a.m | 20 19 19.38 | 14.95 | 7.34 | 7.92 
2.00m. | 19 19 | 16.00 13.14 6.92 | 7.78 
40pm. | 18 20 | 18.46 | 14.22 6.99 7.57 
80 “ | 2w 20 20.44 15.78 7.82 | 8.40 
bo“ | 7 | 2 17.10 | 14.81 | 6.68 | 8.62 
40am. | 19 20 | 20.80 | 14.98 | 7.73 7.88 

DISCUSSION 


There is a definite diurnal variation in the liver glycogen of 
unfasted rats which have an abundant food supply available at 
alltimes. With the male rats there is a maximum level at 4 a.m. 
(4.74 per cent), and a minimum value 12 hours later (1.88 per 
cent). A similar cycle was noted with female rats, although the 
peaks were delayed 4 hours (4.59 per cent at 8 a.m. and 1.15 per 
cent at 8 p.m.). It seems probable that these variations in 
glycogen are directly referable to the periodicity of food consump- 
tion. The rat is known to be a nocturnal feeder and according to 
our observations eats little during the daytime unless the food 
supply has become exhausted during the previous night. 

That a variation in food intake occurred during the experiment 
was indicated by the fact that the stomachs of those killed during 
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the night were filled, while those of the animals killed during the 
day were practically empty. The maximum weight of the gastro- 
intestinal tracts of the male rats occurred at 8 p.m., while two 
minima were noted (12 p.m. and 12 m.). When considered in 
relation to the values of the remaining four groups, it would seem 
probable that the true minimum occurs at noon. On the other 
hand, the maximum and minimum weights of the gastrointestinal 
tracts of the females occurred in each case 4 hours later (i.e. at 
12p.m.and4p.m.). This agrees well with the fact that the max- 
imum and minimum averages of liver glycogen in the females oc- 
curred in the periods 4 hours later than in the case of the males. 

The actual change in weight of the gastrointestinal tract (based 
on gm. per 100 sq. cm. of body surface) is not very great. This 
is probably because the large intestine contained relatively less 
at the later night periods after the partial fast during the previous 
day, while the stomach and small intestine were largely filled from 
the food consumption during the night; on the other hand, there 
is a larger quantity of material still in the large intestine during 
the daytime as a result of the food consumption during the pre- 
vious night in spite of the fact that the stomach and small gut have 
become largely emptied. The variations between these alternate 
periods of alimentation and fasting would be largely compensated 
for by the irregularities in the quantities of material present in the 
large gut. It would seem much more satisfactory to determine 
the extent of alimentation by a comparison of the weight of the 
stomach and small intestine rather than of the whole gastroin- 
testinal tract as we carried it out. Unfortunately we realized 
the desirability of the latter procedure too late to apply it in these 
tests. 

That cyclic variations in food intake are responsible for this 
variation in liver glycogen seems certain from the results on the 
second series of tests summarized in Table III. When similar 
doses of glucose based on surface area were fed to rats previously 
fasted for a sufficient time to reduce the liver glycogen to a base 
level, the glycogen deposited and retained 12 hours thereafter 
was practically identical at the various 4 hour periods studied 
during the day and night. In the tests on male rats the maximum 
variation from the grand average of 3.43 per cent of liver glycogen 
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(3.15 per cent at 8 p.m.) was only 8.2 per cent. With the fe 
males, five of the six groups approximate the grand average of 
2.96 per cent, the maximum deviation being only 9.1 per cent 
higher. However, in the sixth group (4 p.m.), the average js 
only 2.37 per cent, which is 19.8 per cent less than the grand aver. 
age and which is statistically different from any of the other 
groups. This value is the mean of two series of tests, that for 
those carried out on June 3, 1937, being 2.34 per cent (fourteen 
rats), while that for the second series on October 7 is 2.39 per 
cent (fifteen rats). 

That sex is a factor which must be considered in such tests is 
emphasized again. In the experiments reported in Table |, 
in five of the six groups the glycogen is higher in the male rats 
than in the females, while the grand average of the glycogen in 
the males is significantly higher than in the females. In the see- 
ond series of the present tests in which the prevailing age is some- 
what under 4 months, the sex difference in liver glycogen which 
occurred in all groups was exaggerated. It was significantly 
more in four of the six groups. The ratio of mean difference to 
probable error of mean difference (10.93) for the grand average 
shows that the level of 3.43 per cent for glycogen in the males is 
highly significant when compared with that of 2.96 per cent for 
the females. 


SUMMARY 


A diurnal variation in the level of liver glycogen was observed 
in unfasted rats having access at all times to ample supplies of our 
stock diet. The liver glycogen varied from a maximum level in 
the males of 4.74 per cent at 4 a.m. to a minimum value of 1.8 
at 4 p.m. The highest percentage of glycogen was found at8 
a.m. in the livers of the female rats (4.59 per cent), while the min 
mum level (1.15 per cent) occurred at 8 p.m. There is some evr 
dence to indicate that these variations correspond to diumal 
differences in food intake. 

The level of liver glycogen 12 hours after a glucose test meal to 
male rats previously fasted for 2 days was remarkably constant # 
the 4 hour intervals studied during the 24 hour period. A similar 
uniformity was noted in five of the six periods investigated with 
female rats. In the group killed at 4 p.m. the variation seemé 
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greater than that which might be ascribed to experimental error. 
Possibly some physiological explanation such as increased ac- 
tivity may explain such differences rather than the assumption of 
a diurnal cycle. Since such is not the case with the males, it 
would seem highly improbable that it would apply to the females. 
Because of the marked regularity in the liver glycogen of male rats 
after the glucose test meal, it is concluded that the diurnal varia- 
tion in this constituent is entirely of dietary origin. 


BIBLIOGRAPHY 


1. Forsgren, E., Skand. Arch. Physiol., 68, 137 (1928). 

2. Agren, G., Wilander, O., and Jorpes, E., Biochem. J., 25, 777 (1931). 

3. Higgins, G. M., Berkson, J., and Flock, E., Am. J. Physiol., 102, 673 
(1932). 

4. Higgins, G. M., Berkson, J., and Flock, E., Am. J. Physiol., 106, 177 
(1933). 

5. Devel, H. J., Jr., Gulick, M., Grunewald, C. F., and Cutler, C. H., 
J. Biol. Chem., 104, 519 (1934). 

6. Devel, H. J., Jr., Hallman, L. F., and Murray, 8., J. Biol. Chem., 119, 
257 (1937). 

7. Deuel, H. J., Jr., Butts, J. S., Hallman, L. F., Murray, S., and Blunden, 
H., J. Biol. Chem., 119, 617 (1937). 

8. Lee, M. O., Am. J. Physiol., 89, 24 (1929). 

9. Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 
(1933). 


ee See z 
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The work of Peters (1) and of Sherman and Elvehjem (2) has 
made it appear quite certain that the primary biochemical lesion 
in vitamin B, deficiency is the failure of the organism to metab- 
olize pyruvic acid. Lohmann and Schuster’s recent announce- 
ment (3) that cocarboxylase is vitamin By in combination with 2 
molecules of phosphoric acid seems to localize the site of action 
of the vitamin with even greater certainty. The latter finding 
might lead to the conclusion that the réle of the vitamin in ani- 
mal tissues has been completely defined, and that in vivo the vita- 
min is phosphorylated and the resulting cocarboxylase makes 
possible the decarboxylation of pyruvic acid to acetaldehyde as 
in the case of yeast. Although the vitamin is probably intimately 
concerned with the decarboxylation, it appears from the work of 
Krebs and Johnson (4) that pyruvate is removed in a variety of 
ways and that the main reaction is really a dismutation in which 
1 molecule of pyruvate is oxidatively decarboxylated, while the 
other molecule is reduced. The products from 2 molecules of 
pyruvic acid are thus CO, acetic acid, and lactic acid. Krebs and 
Johnson (4) explain oxygen uptake in the presence of pyruvate as 
being due in part to the oxidation of the lactic acid formed in 
the dismutation. Krebs also stated that preliminary experi- 
ments indicated that vitamin B, was a coenzyme for the dismuta- 
tion (5). It is not impossible that acetaldehyde is still an inter- 
mediate in the dismutation in which acetic acid is formed, but 
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the work of Krebs does not appear to support this idea. In the 
case of the propionic acid bacteria, Wood, Stone, and Werkmap 
(6) have suggested pyruvic acid hydrate as an intermediate. This 
would preclude acetaldehyde from the mechanism. In a consider. 
ation of the factors influencing pyruvate removal the important 
work of Weil-Malherbe (7) cannot be overlooked. He reported 
that pyruvic acid was removed more effectively in the presenc 
of glucose than in the absence of accessory substrates. 

The present work was begun with the purpose of clarifying som 
of the points in connection with pyruvate removal in animal tis 
sues. In this paper, data will be presented which indicate that 
inanition of the animal is a complicating factor in the faulty 
pyruvate metabolism of polyneuritic chick tissues in vitro. Ey- 
dence is presented which indicates that pyruvate removal is not 
a simple decarboxylation but that it is probably dependent upo 
the presence of other substrates. 


EXPERIMENTAL 


In these experiments polyneuritis in chicks was produced in 
the same manner as in the work of Sherman and Elvehjem {§). 
White Leghorn chicks 4 to 6 weeks of age were shifted froma 
normal diet to one in which the vitamin B,-containing components 
were autoclaved (Ration 242A, Elvehjem (9)). The later exper- 
ments were made with chicks which had been grown for seven 
weeks on the autoclaved ration containing 3 per cent of baker’ 
yeast. The yeast was then omitted and the birds came dom 
with acute polyneuritis in 1 to 3 weeks. The latter technique 
appears to be more desirable, since the chicks become accustomel 
to the autoclaved diet before the vitamin B, intake is reduced 
Normal chicks for our control experiments were raised on ow 
Ration 351 (10). 

In all cases the tissue was prepared by the method of Potter 
and Elvehjem (11) in which the tissue is homogenized in a speci 
device. The buffer was equimolar Na and K phosphate, aml 
experiments were carried out at various molarities and pH value 
2 cc. of the homogenized tissue suspension containing 150 mf 
per cc. were placed in 50 cc. Erlenmeyer flasks. The substrilt 
was added and the final volume made to 3 cc. with the prope 
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buffer. The flasks were placed in a water bath at 37° + 0.2° 
and were shaken at 120 oscillations per minute. The time which 
elapsed between the death of the animal and introduction of the 
flasks into the thermostat was 15 to 25 minutes. 

Pyruvic acid was estimated by a modification of the method 
of Clift and Cook (12). It was found that the use of homo- 
genized tissue obviated the necessity of grinding the tissue in a 
mortar with the protein precipitant. The contents of the flask 
were therefore washed directly into a centrifuge tube, precipitated 
with 1 cc. of 20 per cent trichloroacetic acid, diluted to 15 ce. 
with distilled water, and centrifuged. 3 cc. aliquots were taken 
for estimation on the basis of their bisulfite-binding capacity. 

Later experiments designed to measure both oxygen uptake and 
pyruvate removal were conducted in Barcroft respirometers of 
the type described by Stare and Elvehjem (13). 

Preliminary experiments involved (a) tissue concentration, 
(b) time of incubation, and (c) original pyruvate concentration. 
Potter and Elvehjem (11) showed that in systems requiring a co- 
enzyme the oxygen uptake per gm. of tissue was dependent upon 
the concentration of the tissue suspension employed. If the 
system for the oxidative removal of pyruvic acid required a co- 
enzyme, we should expect a “dilution effect’’ and less pyruvate 
should be removed per gm. of tissue at low concentrations than 
at higher concentrations. We have found this to be the case. 

This may be considered further evidence for the view that a 
coenzyme is concerned in the oxidation of pyruvic acid. The 
dilution effect is evident mainly in concentrations below 100 mg. 
peree. Potter and Elvehjem found that at tissue concentrations 
above 180 to 200 mg. per cc. the rate of oxygen uptake was limited 
by the viscosity of the suspension. Experiments therefore have 
been carried out at a level of 100 mg. per cc. of tissue suspension. 

The optimum time period for studying pyruvate removal was 
determined by permitting tissue to incubate at 37° with constant 
aeration for varying periods of time. It was found that even in 
the presence of excess pyruvate the removal was not linear. In 
normal chick tissues pyruvate was removed rapidly during the 
Ist hour and slowly during the 2nd. At the end of 2 hours, re- 
moval had virtually ceased. In the tissues from fasted or poly- 
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neuritic birds, pyruvate removal had practically ceased at the end 
of 1 hour. However, all experiments have been conducted over 
a 2 hour period in order to permit comparison of the results. 

Optimum pyruvate concentration was determined by ineu- 
bating normal and polyneuritic kidney for 2 hours with various 
levels of pyruvate. Fig. 1 shows that the higher concentrations of 
pyruvate were toxic for both liver and kidney. 

The pyruvic acid used in these experiments was prepared by 
double distillation of commercial pyruvic acid at 3 to 5 mm. and 
38-45°. A water-clear liquid resulted which was diluted immedi- 
ately to approximately 100 mg. per cc. for use as our stock solu- 
tion. This was kept in the refrigerator. Aliquots were taken 
from this stock solution and prepared for use in the experiments 


TaB_e I 


Effect of Method of Preparation of Sodium Pyruvate upon Purity of 
Product Obtained 





Concentration of Pyruvie acid 











es Caleulated from : Removed by 1 
' lution Found by analysis liver per ft 
per cent mg. mg. mg. 
11.2 28 .00 22.20 1.77 
28 .00 22.20 1.77 
1.6 28 .00 27 .80 9.12 
28 .00 27 .80 9.12 














immediately before the animal was killed. Nevertheless, varia- 
tion in the toxicity of the neutralized pyruvate was observed. 
Further investigation showed that the procedure involved in neu- 
tralization affected both the bisulfite-binding capacity and the 
levels at which the substrate was toxic. When our stock solt- 
tion was neutralized with 6 per cent NaOH and then diluted to 
the desired volume, a toxic product resulted (Table I). Whea 
the solution was diluted first to approximately 10 mg. per ¢e. 
and then neutralized, a product was obtained which showed 4 
greater bisulfite-binding capacity and less toxicity. Apparently 
toxic polymers are formed when a concentrated solution of pyruvit 
acid is neutralized. The extreme lability of pyruvate has als 
been noted by Peters (1). In all subsequent experiments the 
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stock solution was diluted nearly to the concentration desired 
before neutralization. The procedure has been to add alkali to a 
pH of about 6.8 as shown by brom-thymol blue. The solution 
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Fig. 1. Aerobic removal of various concentrations of sodium pyruvate by 
normal and avitaminous chick liver and kidney. The dotted line indicates 
100 per cent removal. 


Was not used in the event that alkali was added beyond this 
point. 

There remains the possibility that the results in Fig. 1 may 
have been complicated by the pH of the buffer. However, the 




















272 Metabolism of Pyruvie Acid 


pyruvate was used in a relatively dilute solution and, furthermore, 
it was later shown that the pH of the resulting tissue suspension 
moved toward the acid range by from 0.3 to 0.6 pH unit when 
m/30 buffer at pH 7.4 was used. It is possible that pyruvate 
could be obtained with a lower toxicity than is shown in Fig. |, 
but we have used the optimum levels indicated, and in addition 
have used 0.1 m buffer at pH 6.8 in the majority of our later 
experiments. Thus we are reasonably certain that pyruvate 
toxicity has not complicated any of our later work. 

The inability of m/30 phosphate buffer to maintain a desired 
pH caused us to study the effect of more concentrated buffers 
and various pH values upon pyruvate removal. All pH values 
were determined with a glass electrode. Using liver tissue and 
m/30 buffer at pH 7.4 we found that the pH fell to about 68 
very rapidly. Therefore the effect of molarity was studied by 
the use of liver tissue homogenized in H,O, and in m/60, m/30, 
and 0.1 m Na and K phosphate at pH 6.8. Considering the re 
moval at 0.1 m strength as 100 per cent (17.5 mg. of pyruvate 
removed per gm. of fresh tissue per 2 hours) the results were as 
follows: H,O, 25 per cent; m/60, 65 per cent; and m/30, 89 per cent. 
The 0.1 m concentration thus appears to result in maximum re 
moval, although it is little superior to m/30 buffer. The experi- 
ment was repeated with solutions of NaCl and KCl and the re 
sults were very similar, indicating that the results were not due 
to specific ion effects. On the other hand, it is difficult to attri- 
bute the effects to changes in osmotic pressure, since in this 
technique the cells are almost completely disrupted. 

The effect of pH upon pyruvate removal was studied in m/3 
buffer and figures are given for the pH value attained by the 
tissue suspension at the end of 2 hours incubation. In all cases 
the original pH of the buffer was shifted toward the optimum 
value which was within the range attained by unbuffered liver 
tissue. Considering the removal at pH 6.87 as 100 per cent (129 
mg. removed per gm. of fresh tissue in 2 hours) the results were 
as follows: pH 6.5, 69 per cent; pH 7.04, 89 per cent; pH 7.12, 
82 per cent; pH 7.22, 74 per cent. 

A number of experiments have been carried out to establish 
levels for the removal of added pyruvate by normal and poly- 
neuritic brain, liver, and kidney. These data are presented in 
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Tables II and III. It will be seen that in these experiments the 
liver and kidney of polyneuritic birds are much more seriously 
affected than is the brain. Polyneuritic liver and kidney removed 
46 and 33 per cent as much pyruvate as normal liver and kidney, 
while polyneuritic brain removed 80 per cent as much as normal 
brain. It may also be noted that whereas normal liver and 


Tasie II 
Aerobic Removal of Added Na Pyruvate by Normal Chick Tissues 


The results are expressed in mg. of pyruvate removed by 1 gm. of fresh 
tissue in 2 hours. 
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5.05 
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5.07 





kidney remove roughly twice as much pyruvate as brain, in poly- 
neuritis the removal is very similar in all the tissues. 

The large differences obtained with liver and kidney as con- 
trasted with the small difference in the case of brain may be 
explained on the basis that carbohydrate intermediates are needed 
for pyruvate metabolism, as indicated below. Since neither 
polyneuritic nor normal brain possesses an appreciable amount 
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of carbohydrate reserve, they are both handicapped in an i, 
vitro type of experiment and hence only a small difference can be 
shown between normal and affected tissues. It may also be 
mentioned that Brodie and Macleod (14) and Westenbrink (15) 
have shown that in acute polyneuritis the diminution in the vit- 
min B, content of the brain is less than in the other organs. 

It has been noted by many observers that loss of appetite and 
severe inanition accompany vitamin B, deficiency. Chickens on 


Tasxe III 
Aerobic Removal of Added Na Pyruvate by Polyneuritic Chick Tissues 


The results are expressed in mg. of pyruvate removed by | gm. of fresh 
tissue in 2 hours. 















































Liver | Kidney | Brain 
| Pyrevate| Pyre- | Daze | Pyrevate| Pyre- | Daze 
La ae ag Pr. a. | _ Prrw. | _. | ee 
| duced | moved | "nk | duced | moved | ymp- | duced | moved 
u/30 Na + K phosphate buffer, pH 7.4 
2 17.30 | 4.10 | 2 | 15.60 | 3.268| 1 | 17.30 | 4.01 
2 16.60 3.95 1 18.30 4.34 
2 15.70 2.76 
0.1 « Na + K phospha: 0.1 « Na + K phos 
‘Lae 1 16.30 | 5.05 ee oe 7 
1 15.60 6.05 3 16.00 4.25 1 15.40 | 4.85° 
2 15.20 5.30 3 11.00 1.36 14.40 | 3.50 
3 hrs. 15.50 fi 11.00 1.88 
4days | 14.40 | 1.65 | 1 | 17.30 | 3.50 
Average ...15.77 | 4.72 15.61 | 3.08 15.70 | 4.08 


























* Run for 100 minutes. 


our polyneuritic ration lost 20 to 45 per cent of their body weight 
before the development of opisthotonic symptoms. Rydin (16) 
reported that in pigeons on a ration of polished rice losses of # 
per cent of the body weight were obtained before head retractions 
ensued. He also reported (17) that the decreased oxygen uptake 
of skeletal muscle, liver, and kidney noted in polyneuritis was due 
to inanition. Galvao and Pereira (18) have shown a low % 
uptake of skeletal muscle from avitaminous birds. Respiration 
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was not restored to normal when the bird was cured by feeding 
of vitamin concentrates. However, when the animal was cured 
by the vitamin and then fed, the O; uptake was restored to 
normal. 

In view of the complicating effect of inanition, we felt that it 
would be desirable to study pyruvate removal in tissues from 
fasted chickens. The results obtained with various tissues are 
shown in Table IV. It may be seen that the ability of liver to 
remove added pyruvate is very seriously impaired in fasting. 
Kidney is somewhat less affected, and brain is unaffected. The 


Taste IV 
Effect of Inanition on Ability of Chick Tissues to Remove Added Na 
Pyruvate Aerobically 
The results are expressed in mg. of pyruvate removed by 1 gm. of fresh 
tissue in 2hours. All experiments in 0.1 m phosphate buffer, pH 6.8. 



































Liver | Kidney Brain 
| Pyru- | «-. P Pyru- : ?P " 
a Ed ee eS 
duced moved duced moved = troduced) moved 

ira. | Ars. hrs. 

44 15.10 3.60 172 15.30 3.00 172 15.30 | 5.90 
48 17.90 2.70 144 16.00 | 3.59 144 16.00 | 5.20 
96 17.35 | 4.67 120 15.95 | 4.20 120 15.95 | 5.16 
120 14.10 | 4.50 60 16.35 | 6.12 60 16.35 | 6.14 
1% 18.85 | 1.90 99 15.86 4.97 99 15.86 | 5.48 
Average. | 16.66 | 3.47 | | 15.89 | 4.38 15.89 | 5.58 











results obtained with liver and kidney parallel those obtained with 
polyneuritic liver and kidney almost exactly. The fasting ap- 
peared to have no effect upon the brain, while in polyneuritis 
the brain was 80 per cent of normal. 

The above experiments indicated that other substrates were 
involved in the mechanism of pyruvate removal. It was decided 
to test this idea by restoration of the carbohydrate content of 
the liver by oral administration of glucose solution. The fol- 
lowing experiment was devised. Chicks were fasted for various 
periods of time. Birds were then paired on the basis of weight 
loss. The first bird was killed and its liver was removed and 
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homogenized. Aliquot portions of the tissue suspension wer 
then placed in Barcroft respirometers and the following measure. 
ments made: oxygen uptake with and without pyruvate, and 
pyruvate removal. The original tissue suspension was alg 
analyzed for total and reducing carbohydrate by a modification 
of the Hagedorn-Jensen method (19).! The second bird was 
given 0.5 gm. of glucose per 100 gm. of body weight by pipette 
3 hours later, the bird was killed and its liver was removed and 
studied as above. The results are given in Table V. It was 
found that glucose administration resulted in a complete restor- 
tion of the ability of the liver to remove pyruvate. Furthermor 
this increased removal was paralleled by an increase in the carbo- 
hydrate content of the tissue and by an increase in the residual 
respiration as well as the respiration in the presence of pyruvate. 
These results indicate that the presence of carbohydrate in liver 
has a definite relationship to the ability of the liver to metabolize 
pyruvic acid. 

Our attention was next turned to the effect of glucose adminis- 
tration upon the livers of polyneuritic birds. The technique 
employed was identical with that used for the fasted normal birds. 
The results are given in Table V. Polyneuritic birds which re 
ceived glucose had an average of 3.82 per cent total carbohydrate 
and 0.75 per cent glucose. Since the increase upon hydrolysis 
is predominantly glycogen, these results appear to confirm those 
of Schrader (20) who reported that polyneuritic birds retain the 
ability to synthesize glycogen from ingested glucose. The ip 
crease in carbohydrate content which we have observed is paral 
leled by an increase in the ability of the tissue to remove pyruvate 
as well as an increase in the residual oxygen uptake and the oxy- 
gen uptake due to pyruvate. This increased pyruvate removal 


1 Immediately following homogenization (within 10 minutes after death) 
an aliquot of the homogenized tissue suspension was precipitated with 
Zn(OH): and centrifuged. One portion of the filtrate was analyzed for 
glucose in the usual manner (19). Another portion was hydrolyzed for 
2 hours at 100° with 0.1 volume of 25 per cent HCl. The hydrolysate was 
exactly neutralized and analyzed for glucose as usual. Results are er 
pressed as total carbohydrate and as glucose. In samples which gaves 
large difference in the two titrations the protein-free filtrates showed § 
marked opalescence due to glycogen. Neither glycogen nor maltose affects 
the ferricyanide reagent. 
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TaBLe V 
Effect of Glucose Ingestion upon O, Uptake, Pyruvate Removal, and 
Carbohydrate Storage by Livers from Polyneuritic and 
Fasted Chicks 
Experiments in 0.1 m Na + K phosphate buffer, pH 6.8. The pyruvate 
removal is expressed in mg. removed by 1 gm. of tissue in 2 hours. 


















































| ead | Os uptake per gm. per 2 hrs. A | Total 
Veight yruvate | . i 
———— | loss No | With | Differ- | emoved | a i ies 
| substrate | pyruvate | ence 
Fasted chicks 
hrs | percent | wl. | pl. | gl | mg. | percent | per cent 
6 | 21.0 | 1630 | 3020 | 2200 | 11.60 | 0.95 | 0.75 
9 | 24.5 1135 | 2080 | 945 | 8.25 | 0.74 | 0.63 
72 | 2.0 | 640 | 1415 775 | 6.45 | 0.56 | 0.58 
10 «=| 28.0 | 724 | 878 | 154 | 7.70 | 0.66 | 0.59 
Fasted chicks and glucose therapy 
65 23.6 1405 | 5520 | 4115 | 13.20 | 3.85 | 1.00 
9 22.4 2630 | 6800 | 4170 | 12.00 | 4.52 | 1.48 
120 2290 | 6050 | 3760 | 12.85 | 3.87 | 0.99 
Polyneuritic chicks 
ee | 
3 31 =| 1260 | 3480 | 2220 | 5.35 | 0.73 | 0.73 
10 37 | «1545 | 4860 | 3315 | 9.35 | 0.93 | 0.86 
12 1 | 700 | 2500 | 1800 | 3.10 
24 32 | 1250 | 4205 | 2055 | 5.45 | 1.51 | 0.93 
6 | 2 | 1810 | 4740 | 2930 | 6.57 | 1.62 | 1.07 
12 23 «=©| «860 || «2010 | 1150 | 2.75 | 0.56 | 0.55 
4 16 =| «833. | «2720 | 1887 | 4.12 | 0.85 | 0.47 
3 20 «=| «1440 | 3900 | 2460 | 6.05 | 1.00 | 0.66 
Polyneuritic chicks and glucose therapy 
% | 368 | 1800 | 4505 | 2705 | 7.40 | 1.05 | 0.99 
pr 29.0 1790 | 5140 | 3350 | 8.25 | 3.78 | 1.38 
12 18.5 1360 | 5455 | 4095 | 9.15 
8-12 | 21.0 1775 | 5900 | 4125 | 9.19 | 4.70 | 1.00 
%-48 | 21.0 1885 | 4100 | 2215 | 6.80 | 4.60 | 0.75 
12 12.5 1830 | 4765 | 2935 | 9.65 | 4.24 | 0.92 
24-36 | 18.5 2315 | 5550 | 3235 | 8.90 | 4.57 | 1.12 
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did not represent 100 per cent restoration, since on the average 
it was about 80 per cent of that observed in normal liver. 


DISCUSSION 


The results of our experiments indicate that the metabolism of 
pyruvic acid in tissues from normal birds is closely associated 
with the presence of other substrates which are probably inter- 
mediates in glycogen or glucose metabolism. 

Weil-Malherbe (7) has studied the anaerobic production of 
succinic from pyruvic acid in brain. He found that added glu- 
cose increased the formation of succinic acid far above summation 
in the case of slices. However, there was no glucose effect with 
minced brain. We have made one attempt to secure increased 
pyruvate removal in the liver from a fasted bird by the in vitro 
addition of glucose, with negative results. It seems possible that 
homogenized tissue may not be able to convert glucose into 
intermediates which will aid in the removal of pyruvate, while 
if the glucose is given in vivo, the resulting glycogen may form 
intermediates which will aid in the pyruvate removal. 

It may be argued that the large differences which we have ob- 
tained between birds which were given glucose and birds which 
were polyneuritic or fasted are a function of the technique employed 
and that no analogy may be drawn between our work and in 
vivo conditions. We have, however, further evidence for the 
idea that pyruvate metabolism is impaired during fasting. Sher- 
man and Elvehjem (21) showed that polyneuritic birds were un- 
able to remove injected pyruvate from the blood stream as 
rapidly as normal birds. We have repeated these experiments 
using fasted control birds, and find that in the latter there is 
also a lowered rate of pyruvate removal. The in vivo differences 
are not as great as those obtained in vitro, however. 

We are not as yet able to offer any further explanation of the 
results obtained in fasting. After this work was completed 
Rosenthal (22) found that the metabolism of pyruvate and 
lactate was impaired in fasting, while succinate was not affected. 
The cytochrome-indophenol oxidase system cannot therefore be 
affected by fasting. Rosenthal suggests that possibly other en- 
zymes or their components are affected and so alter the metab- 
olism of lactate and pyruvate. Our results indicate either that 
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the enzyme and coenzyme systems for the metabolism of pyruvic 
acid are not affected in fasting, or that restoration of these sys- 
tems is rapidly affected by the feeding of glucose. We have 
observed that the kinetics of the oxygen uptake of homogenized 
tissue may be very different from that of intact cells. In the lat- 
ter the oxygen uptake is virtually linear in the absence of added 
substrate for 60 to 90 minutes. This may well be due to a limit- 
ing rate of oxygen diffusion. In homogenized tissue, cell bar- 
riers are broken down and the residual respiration is never linear. 
During the first 20 minutes the rate may be 2 or 3 times as rapid 
as with minced tissue in which the cells are predominantly intact, 
but it soon falls to a rate which is considerably lower. This first 
rapid uptake may be associated with the oxidation of compounds 
whose existence in the reduced form is essential to normal pyru- 
vate removal. The presence of varying amounts of certain sub- 
strates may appreciably alter the rate at which these essential 
components of the system are converted to the oxidized form. 
Studies are being made in this laboratory in order further to eluci- 
date differences which may exist between homogenized and intact 
tissues with respect to pyruvate metabolism. 

There has not appeared in the literature any evidence for the 
existence of a catatorulin effect with tissues other than brain and 
kidney (23) and heart (8). Yet Simola (24) has demonstrated a 
lowered cocarboxylase content of the livers of rats on a vitamin B 
complex-deficient diet.2 Two interpretations of the absence of a 
catatorulin effect seem possible. Either vitamin B, or cocar- 
boxylase is stored in the liver, but is not utilized there, or some, 
as yet unknown difficulties have made it impossible to secure a 
catatorulin effect in this tissue. Our experiments indicate that 
the ability of liver tissue to metabolize pyruvic acid is seriously 
impaired in polyneuritis, and that vitamin B, functions in liver 
metabolism. It would seem, therefore, that polyneuritis is more 
properly conceived as a disease in which the carbohydrate metab- 
olism of the entire organism is deranged, rather than as a specific 
disease in which the nervous system alone is affected. 


* We have repeated the experiments of Simola and find that the technique 
employed fails to measure cocarboxylase exclusively, since the atiozymase 
Preparation is able to synthesize cocarboxylase in vitro from added vitamin 
B, in the presence of liver Kochsaft. 
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SUMMARY 


1. The oxygen uptake with and without added pyruvate, as 
well as the pyruvate removal in liver, kidney, and brain from 
normal, fasted, and polyneuritic chicks has been investigated by 
the homogenized tissue technique. 

2. It has been found that a dilution effect is observed with chick 
tissues when pyruvate is used as substrate. This is offered as 
further evidence of the need for a coenzyme for the metabolism 
of pyruvic acid. 

3. It has been found that under our conditions the ability of 
kidney, liver, and brain to utilize pyruvate as a substrate is im- 
paired in polyneuritis. The derangement is greater in the case 
of brain. 

4. The liver and kidney from fasted birds show a decreased 
ability to remove added pyruvate. The brain does not show 
this fasting effect. Pyruvate removal by the liver and kidney of 
fasted birds approximates that found in polyneuritis. 

5. The oral administration of glucose to fasted birds resulted 
in restoration of the ability of liver to remove pyruvate. Similar 
feeding of glucose to polyneuritic birds resulted in the deposition 
of liver glycogen and an increased ability to remove pyruvate 
though normal values were not reached. 

6. The failure to obtain complete restoration of the ability to 
remove pyruvate in the case of polyneuritic birds fed glucose 
shows that inanition is not the sole explanation of the deranged 
pyruvate metabolism, although it certainly is a complicating 
factor. 
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BUFFER INTENSITIES OF MILK AND MILK 
CONSTITUENTS 


III. BUFFER ACTION OF CALCIUM CITRATE* 


By E. O. WHITTIER 


(From the Division of Research Laboratories, Bureau of Dairy Industry, 
United States Department of Agriculture, Washington) 


(Received for publication, December 6, 1937) 


The buffer actions of casein and of calcium phosphate have 
been discussed in previous papers of this series (7). Because the 
molar concentration of total citrate is only approximately one- 
half that of phosphate in fresh milk, it would seem that the buffer 
action of the citrates would be of minor importance. However, 
since the ionic equilibria involving protein, phosphate, and citrate 
are all interdependent by way of the calcium ion concentration, 
the contribution of citrate to the buffer action should not be dis- 
missed without investigation of its mechanism. In this paper 
equations describing the buffer curve of calcium citrate are de- 
rived and experimental data on the buffer action are given. 

The peculiar behavior of citrate ions in the presence of calcium 
ions has been investigated by many workers in recent years. 
Most of the evidence supports the hypothesis that calcium and 
citrate form a complex ion. This evidence has been summarized 
by Hastings and coworkers (3), who offer the hypothesis that the 
complex ion is CaCsH;O;-. They postulated practically com- 
plete dissociation of tricalcium citrate in dilute solution according 
to the equation 


(1) Cas(CsH,O07), — Cat* + 2CaC,H;,0;~ 
and partial dissociation of the complex ion 
(2) CaC,H,;0;- = Ca** C.H;0;" 








“ Presented in part before the Division of Biological Chemistry of the 
American Chemical Society at Rochester, New York, September, 1937. 
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They substantiated this hypothesis by determining the dissocig- 
tion constant for this secondary reaction and finding it satis. 
factorily constant. 

If the concentration of calcium ions in fresh milk is of the order 
of 3 X 10~* moles per liter (6), and the solubility product of tr. 
calcium citrate, expressed as if calcium and trivalent citrate ions 
were the ions involved, is of the order of 1 X 10-5, as determined 
roughly by the author, then the concentration of the trivalent 
citrate ion in milk cannot be greater than about 0.0005 of that 
necessary for precipitation of tricalcium citrate. Hence the 
buffer equations are derived on a homogeneous basis only. Even 
though for use in other situations it might seem desirable to have 
the equations involving heterogeneous equilibria, it is futile to 
derive them until the mechanism of precipitation and the solu 
bility constants are known. 

In order that details of changes in curvature might be rendered 
sufficiently apparent for discussion, it was necessary in the experi- 
mental derivation of the buffer curves to use solutions 10 times as 
concentrated with respect to total citrate as is normal milk 
Consequently, in many of the separately prepared samples on 
which pH determinations were made, calcium citrate precipitated 
after a time, but there was no difficulty in obtaining pH values 
before precipitation began. There was usually precipitated im- 
mediately a gelatinous mass, which readily redissolved on shaking. 
This was evidently the Ca;(CsHs;O07)2-16H:0 mentioned by Chat- 
terjee (2). The time elapsing before appearance of the stable 
granular precipitate was at least half an hour in the most alkaline 
solutions, and considerably longer in those in which the degree of 
supersaturation was less. From pH values determined later, 
when solubility had been attained, it was possible to construct the 
branches of the titration and buffer curves describing the hetero- 
geneous equilibria. These appear in the plots, but, since they are 
not involved in milk equilibria, are not discussed here. 

Fig. 1 shows titration curves drawn from data of preliminary 
work involving only twenty pH determinations per series. A 
though only tri- and dicalcium citrates are considered in the later 
discussion, curves for monocalcium citrate and for calcium-free 
citric acid are included to show the modifying influence of an 
increased proportion of calcium. Figs. 2 and 3 show buffer curve 
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derived graphically from the slopes of more detailed titration 
curves on 0.05 M tri- and dicalcium citrate solutions. Approxi- 
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Fic. 1. Experimental titration curves for citric acid and three calcium 
citrates. 
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Fic. 2, Experimental curve for buffering by 0.05 m tricalcium citrate 


mately 60 pH determinations were made on separately prepared 
samples for each titration series. Slopes were read from titra- 




















286 Buffer Intensities of Milk. III 


tion curves plotted on a large scale. These curves differ remark. 
ably from the buffer curve for citric acid given by Hastings and 
Van Slyke (4), which shows its principal maximum in the region of 
pH 5.0. The presence of calcium obviously brings the maximum 
to regions of lower pH value. 

Since calcium, when present in citrate solutions, is clearly jp. 
volved in the buffer action, it seemed desirable to derive buffer 
equations on the basis of the Hastings-McLean hypothesis and 
to determine whether the experimentally derived curves are satis. 
factorily described by the theoretically derived equations. 
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Fie 3. Experimental curve for buffering by 0.05 m dicalcium citrate 


Derivation of Equations for Hydrogen Ion Buffer Intensity 
Calcium Citrate Solutions Having No Solid Phase Present—For 
purposes of convenience and economy of space the following 
symbols are used. 


C, = concentration of CaC,H,O;~ (in moles per liter) 


Cs “ “ C,H,0;" 
Cc; * ** HC,H;0;" 
C; - H.C,H;0;- 
C “ “ H,C,H,O; 


sum of concentrations of all forms of citric acid in solution 


Ca concentration of calcium ions 
R sum of concentrations of all forms of calcium in solution 
H concentration of hydrogen ions 
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OH = concentration of hydroxyl ions 

B = number of moles of completely dissociated monoacid base added 
per liter of total volume of solution 

ky, by, and ks = respectively, the first, second, and third dissociation con- 
stants of citric acid 

k, = dissociation constant of CaCsH,O,— 


K = kg/kikoks 
» = the function kikoks + ki k.H + k,H? + H? 
r a * - dw/dH, or kik + 2k,H + 3H? 


In the derivation of an equation for dB/dpH, the buffer index, 
the concentration of some form of citrate and the derivative of 
the concentration of this form with respect to hydrogen ion con- 
centration appear as variables that are not directly determinable. 
In this derivation, C, has been chosen as the concentration in 
terms of which the concentrations of other forms are expressed. 
In the following development, the values of C, and dC,/dH have 
been derived first and, subsequently, the value of the buffer index. 

C, will be, in any solution of calcium citrate, a function of the 
concentrations of total calcium, total citrate, and hydrogen ions. 


(3) C, = f(R, 8, H) 


In a given calcium citrate solution, with no solid phase present, 
the concentrations of total calcium and total citrate will be con- 
stant. Consequently, H will be the only independent variable 
in the above expression. The value of this function may be 
derived from the expressions for the successive dissociations of 
citrie acid, the dissociation of the univalent calcium citrate ion, 
and the additive relationships of the various forms of calcium 
and citrate. 

Calcium ion concentration is not readily determinable, except 
in a narrow range of concentrations and under special conditions. 
Hence it is eliminated between the equations for the dissociation 
constant of the calcium citrate complex and the sum of the 
forms of calcium. 


9 Seon (5) R=Ca+, 
Cy 
From these equations 
(6) C; = Coke 
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The equations for the ionization constants of citric acid are 


HC, HC, HC, 
(7) c = k, (8) CG = ky (9) Cr = k, 


By substitution of Equation 6 in No. 9, then Equation 10 in No.8 
and Equation 11 in No. 7 


(10) C; = ea > 
2 3 
OO e ee (OM C= BORE 
By convention 
(13) S=G4+64+6+0+C 
By substitution in Equation 13 
Cyks HC, ky H? Cy ky H®Cyky 





+ ———— + + 


(14) S= Cs + B-C, (R _ Cy) ks (R - C.) keks (R a Co) hy kak 


By rearrangement and introduction of w and K 








(15) C2 — (R + S + wK)C, = —RS 

Whence 

(16) C, = R+S8S + wK vers + wK) — 4RS 

By differentiation 

(17) dC, - vK (: = R+S + wK =) 
dH 2 V(R +S + wK)* — 4RS 


In any solution containing only the ions derived from calcium 
citrate and water, the ionic equivalence may be expressed in terms 
of molar concentrations of the participating ions, as follows: 


(18) H + 2Ca = OH + C; + 2C; + 3C; + Cy 


If B moles of completely dissociated monoacid base are added 
per liter, each of the ionic concentrations is changed, and the 
ionic equivalence may be represented by a new equation 


(19) H + 2Ca + B = OH + C; + 2C. + 303 + Cy 
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By rearrangement and substitution of values 


Ck. (H? - + 2k;H + 3k: ks) 


= OH —H —-2 3C 
—-* eet EME = OD 
By differentiation with respect to H 


dB _ @0H dH | 2C,k(H + ky) 
dH dH dH kaks(R — C,) 


te dy Rk, (H? + 2k, H + 3k: ks) 
dH keks(R — Cc.) 


(21) 


Between pH 3 and pH 9, (OH/dH — dH/dH is relatively so small 
that it may be omitted. By definition 


dH 


= —2.303H 
(22) apH 2.303 
Therefore 
(2) dB _ 4.606 Cy ke HCH + ks) 
dpH kek(R — Cy) 
dC, 2.303 Rk, H(H? + 2k,H + SH4)) 
*( 64 _— 
- &( weiedind kaks(R — C,)? 


Accurate values for C, and its derivative can be calculated 
through only a part of the pH range, since for the one a differ- 
ence, and for the other a ratio, of two quantities having a very 
small proportionate difference are required. This also applies 
to other ranges when equations are used based on the concentra- 
tion of some other citrate ion. Consequently, equations for each 
ionic concentration have been derived and also the corresponding 
expressions for the buffer index. Each set of equations has been 
applied in that portion of the pH range in which the concentration 
of the ionic form involved is changing rapidly with pH. It has 
been found more accurate to calculate ratios of increments of con- 
centrations rather than derivatives. Below are given the expres- 
sions for each concentration and the corresponding equation for 


the buffer index. 


ki ka ks 
(4) C, = ney ‘TR —S + wKY + 48wK — (R — S + wK)] 
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(25) dB _ 4.606C;H(kx+H) dC; Gas k, RH 


dpH keks dH (C; — k,)? 
_ 2.300HGkyks + 24H + HP) 
keks 
ki keH a 
(26) (= — - [V/(R — S + wK) + 48wK — (R — S + wK)] 
on dB _ 6.900 xk RCsH 2.308 Cx(3ks ks ~ H?) 
dpH (k3C2 + ky H)? keH 


_ dC (6.900 kaky RH? , 2:308(3k, ks + 2k, H+ HY) 
dH \(ksC, + k& H)? ky 


ee 
(28) Ci = IV (R—S + wKY + 480K — (R — S + wK)] 


2B _ 13.818 kykski RCH? | 4.606 C,(3h ks + ke H) 


29 = — 
( ) dpH (ke ks C; + key H?)? H? 
aC; (6.900 kskskuRH* , 2.303(Bhsks + 2hyH + HP) 
dH \(keksC; + ksH*)* H 


In the exact application of these equations, it would be neces 
sary to alter the values of the dissociation constants concerned by 
a correction calculated from the ionic strength of the solution and 
a coefficient depending for its value on the valence of the ionic 
form involved. However, since Simms (5) has shown that citne 
acid does not obey the Debye-Hiickel equation, so far as the 
values of k, and ks are concerned, and since values applicable 
here are not available, the classical dissociation constants have 
been used in calculating values for points on the buffer curves and 
allowance for ionic attraction corrections has been made in the 
discussion. 

Figs. 4 and 5 show buffer curves calculated for 0.05 m tricalcium 
citrate and 0.05 m dicalcium citrate, respectively. The values 
used for dissociation constants were, k; = 8.91 X 10-4, k= 
1.76 X 10-5, ks = 3.89 X 10-7 (1), and ky = 6.03 X 10 @), 
and the calculations were based on Equations 16, 17, and 23 to 2. 

It is well known that, in the plots of the more usual types of 
buffer action, maxima for dB/dpH occur at pH values numerically 
equal to the practical pK values of the weak acid involved 
When this equality exists, concentrations of two forms of the 
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acid are equal, or, graphically, the ascending curve of the con- 
centration of one form is crossing the descending curve of the 
concentration of another. In plots of the buffer action of the 
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Fig. 4. Theoretical curve for buffering by 0.05 m tricalcium citrate 
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Fic. 5. Theoretical curve for buffering by 0.05 m dicalcium citrate 


usual weak polybasic acids with widely separated pK values, these 
maxima are of practically the same value and the concentrations 
of each of the two forms corresponding to the intersection of the 
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concentration curve are very nearly one-half of the total concep. 
tration of the acid. 

If the concentrations of the five forms of citric acid present jn 
a 0.05 m solution of calcium citrate are plotted against pH, as 
shown for tricalcium citrate in Fig. 6, the pH values at the inter. 
sections are the same as when calcium is absent, but the con- 
centrations at some of these intersections will be considerably 
less than normal because of the presence of a large proportion of 
the citrate in the calcium citrate complex. The intersection of 
the C; and C; curves for 0.05 m Ca;Cite is at about 0.01 the con- 
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Fig. 6. Ionic concentration curves for 0.05 m tricalcium citrate. pCitis 

the logarithm of the reciprocal of the concentration of each species of citrate 
plotted. 


centration of these forms in a corresponding calcium-free solution, 
which indicates that practically no hump may be expected in the 
region of pH 6.4. C; and C, do not intersect at all, and C; doe 
not increase beyond about 0.01 the higher values of Cy. The 
point of intersection of the C and C, curves is practically w 
changed. There are four intersections in the region betwee 
pH 3.8 and 4.8; namely, C-C2, C2-C,, C;-C,, and C;-C2. The Cr& 
intersection is at the highest concentration of the three, ané, 
since in this shift 2 hydrogen ions are involved per molecule, the 
theoretical maximum at this point should be doubly high. The 
reinforcing action of the other intersections in this region, partiee 
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larly of C:-C2, increases the total height of the peak, as shown in 
the curves constructed from the buffer equation. 

Simms (5) found the Debye-Hiickel coefficient for pKg for citric 
acid in the presence of MgCl, to be 6.6. If the assumption is 
made that the effects of CaCl, are of the same order, the cor- 
rected value of pKy would be approximately 4.1 for the solutions 
being considered. Analogously, the peak in the classical curve 
should be shifted from pH 4.45 to 3.75. In the curves derived 
from experiment, a peak occurs at pH 3.7. The pH values at 
which the C, curve intersects the other curves are slightly higher 
for dicalcium citrate than for tricalcium citrate solutions and C; 
rises to one-tenth the value of C, at approximately pH 5.0. 

Although this discussion is based to a certain extent on 
assumptions and is therefore open to attack on that basis, the 
assumptions seem reasonable and lead to a conclusion that the 
Hastings-McLean idea of the mechanism of ionization in solutions 
containing calcium and citrate is correct. The author feels that, 
in respect to their work, this paper merely adds to evidence already 
reasonably sufficient. 

In attempting to apply the above data to milk, it must be 
remembered that the total citrate of milk is approximately 0.01 
u—one-tenth the concentration used in these experiments—and 
that the concentration of calcium in the serum of milk is of the 
same order of magnitude. Furthermore, the square root of the 
ionic strength of milk is approximately one-third of that of these 
solutions. Consideration of these facts indicates that, if the 
calcium and citrate of milk serum functioned as an independent 
system, its maximum buffer intensity would be about 0.010 and 
its buffer action would be exerted principally in the region of 
pH 4.2 to 4.5. It is in this region that the heterogeneous buffer- 
ing caused by calcium phosphate is most intense and predominant, 
as shown in the preceding paper of this series, and, because of the 
diminished quantity of ionic calcium that can be present above 
pH 4.4 in equilibrium with phosphate ions, part of the citrate buf- 
fering will be spread toward higher pH values, tending to resemble 
that of calcium-free citrate solutions. But it will still be exerted 

in a region where other buffers are predominant—calcium 
phosphate and casein. Therefore, it may be concluded that this 
work has shown that the buffer action of citrate in milk is exerted 
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over a much narrower range than would be expected from a con- 
sideration of the buffer curve of a calcium-free citrate solution 
and that this range is essentially that in which calcium phosphate 
and casein buffer most intensively. Its participation is undoubt- 
edly of little importance from the buffer standpoint in the complex 
equilibrium involving simultaneously calcium, casein, and the 
various forms of phosphate and citrate, so that only its direct 
participation need be considered in formulating the mechanism 


of the buffer action of milk. 


SUMMARY 


Equations describing the buffer action of calcium citrate have 
been derived and curves based on these equations compared with 
curves constructed from potentiometric titrations of calcium 
citrate solutions. The results support the Hastings-MeLean 
idea of the mechanism of ionization of calcium citrate in solution. 

Application of these results to milk equilibria indicates that 
the buffer action of citrates in milk is exerted principally in the 
range in which phosphates and casein buffer most intensely and 
is of slight moment compared with the effects of these other 
buffer substances. 
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THE EFFECT OF GROWTH ON THE DISTRIBUTION 
OF WATER AND ELECTROLYTES IN BRAIN, 
LIVER, AND MUSCLE* 


By HERMAN YANNET anv DANIEL C. DARROW 


(From the Department of Pediatrics, Yale University School of Medicine, 
New Haven) 


(Received for publication, December 21, 1937) 


Aside from lipids and the supporting framework, such as bone 
and connective tissue, the animal body may be considered as con- 
sisting essentially of extracellular and intracellular water together 
with the respective organic and inorganic solutes contained in 
each compartment. The purpose of this paper is to present 
data which will permit a qualitative and roughly quantitative 
estimation of the differences in these two compartments in some 
of the tissues of cats of various ages. It is hoped that by this 
means a more adequate conception of the nature of the physical 
growth of these tissues may be obtained. 


Procedure 


Because of the difficulty of verifying the exact ages of the ani- 
mals, the weight was used as the index of growth. The animals 
varied in weight from approximately 300 to 2500 gm. Roughly, 
this range covers an age period of from 4 weeks to about 6 months 
ormore. Some of the animals were presumably full grown adult 
cats whose ages could not be estimated. They were received at 
the laboratory in good condition at least 1 week before the anal- 
yses were carried out. During this period they were fed a diet of 
canned meat and milk. No food was given the day of the experi- 
ment; water was allowed ad libitum. 

The animals were anesthetized with ether and killed by ex- 
sanguination through a cardiac puncture. An adequate quantity 
of blood was collected under mineral oil, allowed to clot, and 


*This work was aided by a grant from the Fluid Research Fund of the 
School of Medicine. 
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the serum removed. The entire liver and adequate amounts of 
muscle (from all extremities) were placed in previously weighed, 
stoppered bottles. The brain, including the hemispheres, cere. 
bellum, and most of the midbrain, was carefully delivered into g 
weighed, stoppered bottle after all visible particles of bone were 


wiped away. 
Calculations and Methods 


The calculations employed for estimating intracellular and 
extracellular water and the concentration of intracellular nitro- 
gen, potassium, and phosphorus are based on the premise that 
all tissue chloride is extracellular. Essentially similar results 
could be obtained if one assumed that sodium is exclusively extra- 
cellular. The formule, their derivation, and discussion of their 
validity are given in a previous publication (1). The chemical 
methods for the analysis of blood and tissues are described else- 
where (2). 


Results 


The results of the chemical analyses of brain, muscle, and liver 
are summarized in Table I. In order to conserve space only the 
average concentrations of water, nitrogen, chloride, sodium, po 
tassium, phosphorus, and fat are given. The values following the 
averages are the standard errors, calculated from the formula 
o/+/n — 1 where o is the standard deviation and n, the number 
of analyses. For purposes of simplifying the discussion, the ani- 
mals are divided into Groups A and B. Group A is made upd 
the younger animals, ranging in weight from about 300 to 8 
gm., and averaging 560 gm.; Group B, the older animals, ranging 
from 800 to about 2500 gm., and averaging 1600 gm. Waiter, 
nitrogen, and fat are expressed as gm.; the remaining values # 
millimoles per kilo of whole tissue. Unfortunately, because d 
insufficient material, especially in the younger group, fat analyses 
could not be carried out on every tissue. For this reason, it wi 
not possible to express the results in terms of fat-free material 
However, an approximate idea of the magnitude of the tissu 
lipids in each group may be obtained from the given values whith 
represent the averages of somewhat more than half the tissue 
in each group. 
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In order to present the changes accompanying growth the tis- 
sues of the older animals (Group B) will be compared with those 
of the younger ones (Group A). In the brain the following 
changes are noted in Group B: (1) a decrease in total water, 
chloride, and sodium; (2) an increase in nitrogen, phosphorus, and 
fat. In muscle, the older group shows (1) a decrease in chloride 
and sodium, (2) an increase in nitrogen, potassium, and phos- 
phorus, and (3) no significant change in water or fat. In the liver, 
the older group shows (1) an increase in fat and decrease in water, 


Taste I 
Concentrations per Kilo of Tissue of Water, Nitrogen, Chloride, Sodium, 
Potassium, Phosphorus, and Fat in Brain, Muscle, and Liver of 
Young and Older Animals 
Group A includes animals up to 800 gm. in weight; Group B, animals 
from 800 to 2500 gm. 
No. 


Group} of 
cats | 





j ! 
- re , . | , | Phos- 
Water Nitrogen Chloride | Sodium Potassium | phorus 


Brain 


| Fat 














gm. gm. | ma mM mM | mM | gm. 


846+ 5.014.740. 343. 2+1. 455. 1+1.487.0+1.6 76.943. 7 30 
808+ 4.016.8+0. 2'39.0-+1 052. 5+1. 288. 0+2.296.3+0. 5 60 


A; 9 
Bi 8 











Muscle 





A | 11 |785+ 8.024.7+0.6/28.2+1. 3136. 8+2. 080. 0+1.859.042.4) 20 
B 9 | & 3.0/20.140.6/16. 1+1. 2/23. 3+1. 690. 44+2.466.441.5) 25 








Liver 





A : 730+ 8.0/23. 743. 731.041. 4'38. 622. 080. 1+2.2'75.643.5 25 
B 707 +10. 027. ) 43. 427.741. 333. 3+1. 7/73. 7+1. 7/90. 342. 5) 60 











(2) an increase in nitrogen and phosphorus, and (3) a decrease in 
chloride, sodium, and potassium. It will be noted that there is 
’much greater scattering of results in the liver than in the other 
tissues, as evidenced by larger values for the standard errors of 
most of the determinations. Moreover, some of the changes, 
such as the water and nitrogen, can hardly be considered signifi- 
tant, the differences of the means being less than 2 times the 
standard error of the differences. 

Table II gives the average proportions of extracellular and 
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intracellular water, and the average concentrations of intracelly- 
lar nitrogen, phosphorus, and potassium, in brain, muscle, and 
liver of the two groups representing, respectively, the younger 
and older animals. These results were obtained by the appliea- 
tion of the formule and calculations described in the article by 
Harrison, Darrow, and Yannet (1) to the data, a summary of 
which was presented in Table I. The standard error of each aver. 
age value is also included. Columns 3, 4, and 5 give the total, 


Taste II 
Distribution of Water and Electrolytes in Brain, Muscle, and Liver of 
Young Animals 
Group A includes animals weighing up to 800 gm.; Group B, animals 
weighing from 800 to 2500 gm. 






































No. Total Extra- Intra- Intra- Intra- Intra- 
Group! of equaer cellular cellular cellular cellular | cellular | Fat 
cats water water N K P 
(1) (2) (3) (4) (5) (6) (7) (8) ® 
Brain 
per cent per cent per cent | gm. perl. | mm perl. | ma perl. = 
A 9 84.6+0.5.33.941.150.7+1.029.140.7 167+3 .5,160+5.0) 3.0 
B 8 80.8+0.4 29 840.651 .040.933.1+0.9 166+4.0 189+4.0) 6.0 





Muscle 





A | 11 |78.5-40.8/21.841.1/56.741.1|43.6-41.2 
B | 9 |77.040.3)11.740.865.340.844.640.5 


Liver 


A 11 73.0-40.8/24.2+1.2/48.8-1.3/47 .6-2.0/161-4 0/1556. 2.5 
B 9 70.7421 .0/21 .21 049.441 .2'55.742.0)145+2.8)18445. 6.0 


139+3 .0|104+3.2) 2.0 
1372.2 10241.5 25 


























extracellular, and intracellular water of each tissue expressed 
as per cent of tissue weight. Columns 6, 7, and 8 give the cor 
centrations of nitrogen, potassium, and phosphorus per literd 
intracellular water. Nitrogen is expressed as gm. and pota® 
sium and phosphorus as millimoles. Column 9 gives the average 
fat content of the tissues examined expressed as per cent of tissve 
weight. 

The distribution of water and electrolytes in the brains of the 
older group (B) differ from that in the younger group (A) im the 
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following manner: (1) a decrease in the percentage of extracellular 
water, (2) an increase in the concentration of intracellular nitro- 
genand phosphorus. There were no changes in the concentration 
of intracellular potassium, or in the proportion of intracellular 
water. 

In the muscle, the older group shows (1) a decrease in the per- 
centage of extracellular water, (2) an increase in the percentage of 
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38 86 140 26 
36 65 150 28 
34 64 160 30 
32 63 170 32 
30 62 180 34 
26 6! 190 36 
26 80 200 38 
24 79 210 40 





2 4 6 8 WW 2 14 6 8 2022 
WEIGHT OF CAT, Ka, 
Fig. 1. The relationship of the distribution of water and the concentra- 


tion of intracellular nitrogen and phosphorus of the brain to the growth 
of the body as a whole. 


intracellular water, (3) no significant changes in the concentration 
of intracellular nitrogen, potassium, and phosphorus. 

In the liver, the older group shows (1) a decrease in the per- 
centage of extracellular water, (2) no change in the percentage 
of intracellular water, (3) an increase in the concentrations of 
intracellular nitrogen and phosphorus, and (4) a decrease in the 
concentration of intracellular potassium. 

Figs. 1 and 2 were prepared in order to demonstrate the progres- 
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sive nature of the changes involved in the process of physical 
growth in the brain and muscle. They also serve to present 
graphically the relationship of the changes to each other or to 
some common factor. In Fig. 1 the weights of the animals ar 
represented on the abscissa, while on the ordinate a number of 
factors for the brain are represented; namely, per cent of total 


water, per cent of extracellular water, and the concentrations of | 
intracellular nitrogen and phosphorus. Four different scales | 
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Fig. 2. The relationship of the distribution of water in muscle to the 
growth of the body as a whole. 


were chosen so that the maximum variations of each factor oceupy 
about the same space on Fig. 1. Both the weights of the animal 
and the various concentrations are plotted on a logarithmic seale 
as suggested by Huxley (3). As might be expected from the 
nature of the calculations employed, a rather wide scattering d 
the individual values is obtained. However, the tendency for 
all the values to fall roughly into an area bounded by two lines 
of similar slope is striking. This suggests that the changes ® 
composition with respect to the proportions of total water and 
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extracellular water and concentrations of intracellular nitrogen 
and phosphorus are probably closely associated with a common 
factor which, as will be pointed out later, is the increase in lipid 
of the brain. 

Fig. 2 is prepared to show the relationship between the changes 
in the proportions of extracellular and intracellular water in 
muscle, resulting from growth. The ordinate represents extra- 
cellular and intracellular water expressed as per cent of tissue 
weight. The abscissa represents the weight of the animal. All 


 yalues are similarly plotted on a logarithmic scale. The straight 
_ line relationship and the similar slope of the lines representing 


the two fluid compartments of muscle can be noted. In other 
words the growth of muscle is accompanied by an increase in the 
proportion of intracellular water and a decrease in the proportion 
of extracellular water. 

When a similar chart was prepared from the results obtained 
from the liver analyses, no correlation was noted between the 
distribution of water or electrolytes and the weight of the ani- 
mals. Hence the changes in the liver are presumably not related 
to growth in any regular, progressive manner. 


DISCUSSION 


The relationship between the growth of certain organs and the 
growth of the body as a whole has been called by Huxley (3) 
“the constant differential growth ratio,” and has been defined by 
the equation y = kx”, where k and p are constants. Expressed 
in logarithmic form the equation becomes, log y = p log x + 
log k. Hamilton (4) has recently described this type of relation- 
ship between total body water and body weight, using the data of 
lob and Swanson on the chemical analyses of human fetuses. It 
is apparent that Figs. 1 and 2 describe changes in the chemical 
composition of brain and muscle which show a relationship to 
growth of the body according to ‘“‘the constant differential growth 
ratio.” One may surmise, therefore, that the changes in chem- 
ical composition of these tissues are associated with growth of 
definite anatomical structures. 

In the growth of tissues, chemical composition may be altered in 
two ways: first, by increase in size, where the extra tissue is of 
different chemical composition than that already present, and 
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second, by changes in the make-up of the original tissue. Recog. 
nizing the complex nature of the effects of tissue growth on chem. 
ical composition, we may visualize the changes by calculating 
the proportions of various constituents in the “increment of 
growth.”” The increment of growth may be defined, for oy 
purposes, as the tissue which, when added to that of the 
animal, yields a tissue of the composition of the older animal 
The calculation requires the initial and final concentrations and 
weights. The formula for the calculation is 
BP, — APa 

wie oy Me 
where P;, P», and P, refer to the per cent composition of the 
“increment,” the larger tissues, and smaller tissues respectively 
and B and A are the weights of the larger and smaller tissues 
respectively. The average weight of the brains in Group 4 
was 16 gm. and of Group B, 23 gm. Exact knowledge of the ae- 
tual increase in size of muscle and liver in the cats is not available. 
In calculating the increment of growth in these tissues, we have 
assumed a 3-fold increase in both cases. This is based on the fact 
that human livers increase approximately directly with the weight 
of the body (Scammon (5)), and a similar increase may be er 
pected from his data on muscles. 

The composition of the “increment of growth”’ of brain, musek, 
and liver, together with those of the tissues of the two groups, 
given in Table III. In the brain, increment of growth showss 
larger per cent of fat, a smaller per cent of extracellular water, 
with little change in intracellular water or fat-free solids. h 
other words, the growth of brain was attained by expanding al 
elements but with a laying down of lipids which seem in part to 
occupy space that one might otherwise expect to be taken up by 
extracellular fluid. The increased concentration of intracellular 
nitrogen and phosphorus (see Table II) is largely dependent o# 
increase in the concentration of lipid rather than any changeil 
composition of non-lipid cytoplasm. Recent analyses in thi 
laboratory indicate that brain lipid of cats contains about 22 
gm. of nitrogen and 45 millimoles of phosphorus per 100 g@ 
With use of these values, the changes in concentration @ 
intracellular nitrogen and phosphorus are entirely accounted for 
by the increase in lipids. 
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Histologically the brain of older animals differs from that of 
animals in the following ways: (1) there is an increase 

in the size of the individual nerve cells without any striking 
change in the relative magnitude of the extracellular space; (2) 
there is an increase in size and number of dendrites and glial proc- 
esses; (3) there is an increase in the white matter with its high con- 
tent of lipid ; (4) there is practically no change in the number of cells. 
The increase in the size of the nerve cells and in the number and 
size of dendrites and perhaps glial processes accounts for the ex- 
pansion of the intracellular fluid. The lipid of the white matter 
accounts for the increase in lipids as well as nitrogen and phos- 
phorus. As indicated by Fig. 1 the changes in composition of 
the brain are related in a fairly regular manner to the increase in 


Taste III 


Percentage Distribution of Water, Fat, and Fat-Free Solids in “Increment of 
Growth” in Brain, Liver, and Muscle 

















Extracellu- | Intracellular Pes Fat-free 

lar water water solids 

Brain Group A 33.9 50.7 3.0 12.4 
= 29.8 51.0 6.0 13.2 

Increment 20.5 51.7 12.8 15.0 

Liver Group A 24.2 48.8 2.5 24.5 
= Ff 21.2 49.4 6.0 23.4 

Increment 19.7 49.7 7.8 22.8 

Muscle Group A 21.8 56.7 2.0 19.5 
ef 11.7 65.3 2.5 20.5 

Increment 6.7 69.6 2.7 21.0 














weight of the animal. In other words, the changes in composition 
of the brain are related to the growth of certain structures of the 
brain which are, in turn, related to growth of the body as a whole. 

The composition of the “increment of growth’ in the liver 
shows a larger per cent of fat, a smaller per cent of extracellular 
fluid, together with little change in intracellular water and fat- 
free solids. In other words, as in the brain, growth of the liver 
was attained by expanding all elements, but with an increased 
concentration of lipids and a decrease in extracellular fluid. The 
inerease in concentration of phosphorus and nitrogen (see Table 
Il) is probably related to the increase in liver lipid rather than 
changes in non-lipid cytoplasm. At present the decrease in the 
concentration of intracellular potassium in the livers of older 
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animals cannot be explained. However, evidence is accumulat- 
ing that, although concentration of total base in extracellular fluid 
determines the hydration of cells, the concentration and henge 
the ionic activity of intracellular potassium may vary inde 
pendently of the concentration of extracellular base (2). 

Histologically the liver of young animals may be considered g 
miniature of that of the older animals, since its growth involves 
reduplication of liver lobules. It will be recalled that no regular 
relationship such as was shown in Figs. 1 and 2 for the brain and 
muscle was demonstrable between the changes in composition of 
the liver and the growth of the body as a whole. This indicates 
that the changes in composition of the liver reflect alteration in 
the metabolic activity or state of nutrition rather than structural 
changes associated with growth. Thus, although the changes 
in liver nitrogen and phosphorus are dependent on the increase in 
liver lipid, the latter is related to the state of nutrition rather 
than growth of the animal. Although the cats in the two groups 
were handled in the same way, the effect on the state of nutrition 
was different, since short periods of fasting produce more rapid 
changes in young animals than older ones, and the younger cats 
do not thrive in laboratories. 

In the muscle, the composition of the “increment of growth” 
shows that muscle grows chiefly by an expansion of the intracel- 
lular phase with surprisingly little increase in the extracellular 
fluid. Histologically the muscle of older animals shows an in- 
crease in the size of the individual muscle fibers with a relative 
decrease in the size of the interstitial spaces. In Fig. 2 the i- 
crease in the proportion of intracellular water and the decrease 
in the proportion of extracellular water were shown to be direetly 
related to the growth of the animal as a whole. In other words, 
since the changes in composition of the muscle are brought about 
by the increase in size of muscle fibers, the growth of mus¢le 
fibers is related to the growth of the animal as a whole according 
to the constant differential growth ratio. Changes of a similar 
nature during the growth of muscle have been described by 
Kerpel-Fronius (6) in dogs, rabbits, and humans. 


SUMMARY 


The effect of growth on the chemical composition of brai, 
liver, and muscle was studied in cats of different ages. 
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In the brain, growth is associated with a decrease in the con- 
centration of water, sodium, and chloride, and an increase in the 
concentration of fat, phosphorus, and nitrogen. These changes 
are related to the growth of the body as a whole according to 
Huxley’s “constant differential growth ratio.” Anatomically, 
the changes are brought about chiefly by the deposition of lipid 
in the myelin sheaths, with an associated decrease in the propor- 
tion of extracellular fluid. 

In muscle, growth is associated with a decrease in the concen- 
tration of sodium and chloride, and an increase in the concentra- 
tion of nitrogen, phosphorus, and potassium. There is little 
change in the percentage of total water. These changes in chem- 
ieal composition represent a change in the distribution of water 
between the intracellular and extracellular compartments result- 
ing from the growth of the muscle fibers. The relationship of 
the increase in the percentage of intracellular fluid and the de- 
crease in percentage of extracellular fluid, with the growth of 
the body as a whole, also follows the “constant differential growth 
ratio.”’ 

The livers of the older animals show an increased concentration 
of lipids, phosphorus, and nitrogen, and a decreased concentra- 
tion of sodium, chloride, and water. These changes are all appar- 
ently associated with the deposition of lipid and are related to the 
nutritional status of the animals rather than to growth. 

Except for a decrease in the concentration of intracellular potas- 
sium in the livers of the older animals, no changes are demon- 
strated in the concentration of non-lipid nitrogen, non-lipoid 
phosphorus, or potassium in the intracellular fluid of the tissues 
studied. 
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The quinimine form of p-aminophenol inhibits the oxygen up- 
take of tissue suspensions and in very small concentrations in- 
hibits specifically the oxidation of hypoxanthine and xanthine to 
uric acid by the xanthine oxidase of liver (1). Closely related 
compounds such as o-aminophenol, p-phenylenediamine, and 
quinone, although they inhibit to different degrees the oxygen 
uptake of tissues, have no effect on the xanthine oxidase. Be- 
cause none of the other common dehydrogenases is affected by 
the quinimine and because the xanthine oxidase is inhibited by it 
in concentrations as low as 0.00001 m, it was of interest to study 
the mechanism of the inhibition more closely. 


EXPERIMENTAL 


For a quantitative study of an inhibition of this type the use of 
the purest form of the enzyme is desirable. The xanthine oxidase 
of milk was therefore prepared according to the method of Dixon 
and Thurlow (2). Unfortunately, the quinimine had a very vari- 
able effect on the milk oxidase. In some preparations a 50 per 
cent inhibition could be obtained but in most preparations no 
inhibition occurred under conditions which caused 100 per cent 
inhibition of the liver oxidase. There were three possible reasons 
for this discrepancy. Either the liver changed the quinimine, 
or the quinimine acted on something in the liver which in turn 
inhibited the oxidase or there was something in "nilk that pre- 
vented the inhibition from taking place. The following experi- 
ment indicates that milk contains a substance which inactivates 
the quinimine. A small amount of milk oxidase was added to liver 
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and the quinimine inhibition compared to that obtained in the 
liver alone. The results showed that whereas the oxidation of 
added xanthine was completely inhibited in the control, the . 
presence of milk oxidase abolished the inhibition and xanthine was 
oxidized at a rate which showed that both the liver and milk oxi- 
dase were catalyzing its oxidation. 

For the study of the inhibition the xanthine oxidase of rat liver 
was therefore used. It was necessary to determine first whether 
the other metabolic activities of the liver had any effect on the 
xanthine oxidase inhibition. A rat liver was ground with sand 
in 10 ce. of 0.05 m phosphate buffer at pH 6.7. A part of this 
was used immediately, a part was put in the ice box for 24 hours, 
and a part was dialyzed for 24 hours against distilled water. The 
fresh liver had a large oxygen uptake which after 24 hours had been 
reduced to a quarter and after dialysis disappeared completely. 


TABLE | 


Effect of Different Concentrations of Quinimine on Oxygen U ptake of Rat Liver 
and on Xanthine Oxidase at pH 6.7 


5 25 | 1.6 12 





Concentration of quinimine X 10*m.............. } 20 
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Inhibition of xanthine oxidase -..| 100 94 | 90 68 OS 
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The xanthine oxidase activity of all three preparations was the 
same. In each case 0.00005 m quinimine completely inhibited 
the oxidation of xanthine. The percentage inhibition of the oxy- 
gen uptake of fresh liver by different concentrations of quinimine 
was then compared with the percentage inhibition of xanthine 
oxidase. As the concentration of quinimine was decreased, the 
liver inhibition decreased more rapidly than the xanthine oxidase 
inhibition until at a concentration of 0.00001 m the liver was only 
16 per cent inhibited but the xanthine oxidase was still 45 per cent 
inhibited. These results are shown in Table I. In each case the 
percentage inhibition remained constant during the experiment. 

The effect of pH on the inhibition of liver by quinimine was 
compared with its effect on the inhibition of the xanthine oxidase 
preparation. As the liver suspension was made more alkaline, 
the inhibition of the oxygen uptake decreased from 66 per cent 
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at pH 6.7 (with 0.0001 m quinimine) to 22 per cent at pH 7.8. 
Correspondingly the xanthine oxidase inhibition decreased from 


- 100 to 69 per cent. This is shown in Table II. There are two 


ible reasons for the decreasing inhibition with increasing pH. 
Rither there is a dissociation of the quinimine-enzyme complex 
or the drug is inactivated or destroyed in alkaline solutions. If 
the latter alternative were correct, then there should be a progres- 
sive decrease of the inhibition with time when the drug is used at 
pH 7.8. The inhibition, however, of both the liver and the xan- 
thine oxidase remains constant for a period of at least 3 hours, 
which proves that no progressive destruction of the quinimine 
was taking place. The pH effect must be caused by the dissocia- 
tion of the drug enzyme complex in alkaline solutions and this is 
also indicated by the fact that it is possible to obtain complete 


Tasie II 


Effect of Hydrogen Ion Concentration on Inhibition of Oxygen Uptake of Rat 
Liver and of Xanthine Oxidase by 0.0001 m Quinimine 








Inhibition of xanthine oxidase.......... 100 93 
lL eee 66 58 





inhibition of the xanthine oxidase at pH 7.8 with concentrations 
of quinimine varying between 0.0003 m and 0.0002 m. 

The rate of oxidation of hypoxanthine at pH 7.3 to 7.8 was 
about 90 to 100 c.mm. per hour and at pH 6.7 to 7.3 it was 80 to 
9 ¢.mm. per hour. There was therefore no correlation between 
rate of oxidation and percentage inhibition. Moreover, the con- 
centration of xanthine or hypoxanthine present had no effect 
on the inhibition; at pH 6.7 complete inhibition of the xanthine 
oxidation was obtained when amounts varying from 0.25 to 3.0 
mg. of xanthine were being oxidized. 

p-Aminophenol autoxidizes in solution and the rate increases 
with the pH. It is in equilibrium with quinimine, and its poten- 
tial is close to that of the quinhydrone system. Theoretically, 
then, it should not matter whether the reduced or the quinimine 
form is added to the liver or the xanthine oxidase. Reduction or 
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oxidation of the quinimine-p-aminophenol system should oceyr 
until it is in equilibrium with any other systems that happen to be 
present in the preparation. In the presence of liver, however, 
whether it is freshly prepared or dialyzed, this does not occur. 
Addition of p-aminophenol does not inhibit the oxygen uptake of 
the liver at all at pH 7.8, whereas the addition of the quinimine 
inhibits it 20 per cent. It is at this pH that autoxidation should 
occur most readily. At pH 6.7 the reduced form inhibits the 
liver only 30 per cent while the quinimine inhibits 60 per cent, 
The xanthine oxidase is not inhibited at all at either pH by the 
reduced form. The probable explanation for the non-interchange- 
ability of the two forms in the presence of liver is that the re 
ceptors in the liver immediately combine with the drug so that it 
can no longer act as a reversible oxidation-reduction system. 
That some such combination of the quinimine with liver occur 
is indicated by the following experiment. In order to prove the 
reversibility of the inhibition of the xanthine oxidase a series of 
Warburg vessels was put up in the usual way with hypoxanthine, 
freshly prepared liver at pH 6.7, and 0.0001 m quinimine. As 
shown by Curve 6 in Fig. 1, the inhibition by the drug was almost 
complete. At intervals a control vessel and one containing hy- 
poxanthine were taken off and the contents transferred to Thun- 
berg tubes. These were then evacuated and incubated at 37°. 
Even though the drug when added to liver and shaken in air is not 
oxidized or reduced, the results as shown in Fig. 1 indicate that the 
quinimine is reduced in vacuo by the liver. Once the reduction 
had taken place, the solutions were placed again in the Warburg 
vessels and the oxidation of hypoxanthine which before the re 
duction was almost completely inhibited now proceeded at the 
same rate as the control with no drug added. But as Curved 
shows, it requires a reduction period of at least an hour before 
complete recovery takes place. The vessels which Curve 5 repre 
sents were taken off after the inhibition had been allowed to run only 
half an hour. They remained in vacuo for half an hour and the 
subsequent recovery was not complete, indicating that there was 
still quinimine present. For Curve 3 the inhibition was allowed 


1 This is prepared by warming a solution of p-aminophenol and thea 
allowing it to stand at room temperature for half an hour. The p-amine 
phenol was recrystallized from alcohol and water. 
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to run for 1 hour before reduction but the reduction was carried on 
for an hour. This time, despite the longer period of inhibition, 
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Fig. 1. The oxidation of 2 mg. of hypoxanthine by rat liver at pH 6.7. 
Curve 1 control, Curve 2 with 0.0001 m p-aminophenol, Curve 3 with 0.0001 
M quinimine after 1 hour’s incubation anaerobically, Curve 4 same as 
Curve 3 after 1} hours’ incubation anaerobically, Curve 5 same as Curve 3 
after } hour’s incubation anaerobically, Curve 6 same as Curve 3 except 
that there was no anaerobic incubation. The dotted lines are extrapola- 
tions representing the time of anaerobic incubation. Each curve repre- 
sents the oxygen uptake of liver plus 2 mg. of hypoxanthine minus the 
uptake of the liver alone. 


the recovery was complete, as shown by the slope of the curve. 
For Curve 4 the inhibition ran for 2 hours, and complete recovery 
occurred after 14 hours reduction. This experiment shows that 
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liver which will reduce 200 micrograms of methylene blue in 3 to 
5 minutes under these conditions takes over half an hour to reduge 
20 micrograms of quinimine, although the latter belongs to ap 
oxidation-reduction system with a higher potential than the meth. 
ylene blue system. The indications therefore are that the drug 
is not in solution but closely bound to the receptors in the liver. 
Fig. 1 also shows that the reduced form is without effect (Curve 2) 
and that complete reversibility is possible no matter how long the 
inhibition has run. Further evidence for the combination of the 
drug with liver receptors is the fact that a 4 hour dialysis at pH 
6.7 of liver to which quinimine had been added does not restore 
the oxidation of xanthine. This experiment was carried out by 
placing liver and quinimine in a dialyzing bag and dialyzing against 
a buffer in a flask which was shaken in air at 37°. A control with- 
out quinimine was similarly shaken and showed the usual xanthine 
oxidase activity. 

Because quinimine had no effect on any of the other dehydr- 
genases tried (1), it is possible that its action on the xanthine 
oxidase is due to some peculiarity of the enzyme structure. It 
was therefore of interest to try its effect on guanase and uricase, 
enzymes which attack substrates the chemical structure of which 
is closely related to xanthine. The rat liver contains an active 
guanase. Its activity could be measured by the ammonia liber- 
ated and also by the rate of oxygen uptake due to the xanthine 
formed from the deamination of the guanine. This latter method 
also served to check the activity of the added quinimine, for in its 
presence the oxidation of xanthine was completely suppressed. 
Warburg vessels were set up in the usual way with either freshly 
prepared or dialyzed rat liver suspension and guanine. When 
the theoretical amount of xanthine had been formed from the 
guanine as shown by the oxygen uptake of the control, the amount 
of free ammonia was estimated by a vacuum distillation method. 
A large number of experiments were carried out and the results 
showed that guanase was inhibited from 30 to 50 per cent at pH 
6.7 by the quinimine. Increasing the concentration of the drug 
did not increase the percentage inhibition nor did varying the reli 
tive concentrations of drug, guanine, and guanase. The pH 
effect was similar to that on the xanthine oxidase. In a typical 
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iment the inhibition was 48 per cent at pH 6.7 and 12 per 
cent at pH 7.8. These experiments also showed that quinimine 
had no effect on the ammonia production of the liver suspension 
alone. It has already been shown (1) that the drug has no effect 
on CO, production. Adenase was not tried because no active 
source of the enzyme could be obtained. 
In order to test the action of quinimine on uricase an acetone 
ion from pig liver was made according to the method of 
Keilin and Hartree (3). Although the conditions were varied in 
all possible ways, the oxidation of uric acid by the enzyme was not 
affected at all by the drug even in concentrations of 0.001 m. 
The uricase preparation still had a small xanthine oxidase activity. 
This was completely inhibited by small concentrations of quini- 
mine, showing that there was nothing in the preparation that 
interfered with the action of the drug. 


DISCUSSION 


The evidence indicates that both the reduced and oxidized forms 
of p-aminophenol combine with some substance in the liver and 
once in such a combination are no longer readily oxidized or re- 
dueed. The nature of the substance in the liver is not known. 
p-Aminophenol is not a very reactive compound. Except for its 
oxidizing and reducing properties, it reacts readily only with 
aldehydes. Consequently addition of small amounts of aldehyde 
to liver completely protects the liver and the xanthine oxidase 
from the action of quinimine (1). The inhibitory effect of cya- 
nide on xanthine oxidase as shown by Dixon and Keilin (4) is of 
interest in this connection. Its action differs in that the presence 
of the substrate protects the enzyme against cyanide but not 
against quinimine. The difference in the action of the oxidized 
and reduced p-aminophenol may be due to a different type of 
complex formation. Once the reduced complex is formed, shak- 
ing in oxygen at 37° for at least 4 hours does not oxidize a signifi- 
cant amount of it. The oxidized complex, however, can be re- 
duced in vacuo after incubation at 37° for about 1 hour. 

The fact that quinimine is effective in such small concentrations 
makes it a more powerful inhibitor of oxygen uptake in vitro than 
cyanide, arsenite, pyrophosphate, or urethane. It also shows 
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greater specificity of action, for xanthine oxidase is the only one 
of the common dehydrogenases that is inhibited, whereas the other 
drugs act on groups of dehydrogenases. It is possible that ther 
are other systems that are inhibited; in fact, unless xanthine and 
hypoxanthine play some cyclic réle in the cell, the inhibition of 
xanthine oxidase alone cannot account for a 60 per cent inhibition 
in the oxygen uptake of liver. But until this question is decided, 
quinimine is the most specific of the substances that act on the 
known oxidation systems. As already shown (1) it has no effect 
on the autoxidation of sulfhydryl compounds or on carbon dioxide 
or ammonia production. 

Addition of quinimine to liver slices suspended in Ringer’s solv 
tion caused only small inhibitions of the oxygen uptake. This 
indicates that the drug does not readily penetrate the cell mem- 
brane. It has been shown (5) that quinimine is formed when 
such antipyretics as acetanilide and acetophenetidin are taken. 
Possibly the effectiveness of these substances may be due to their 
ability to penetrate through the cell membrane and thereby allow 
the quinimine to be formed inside the cell. 

SUMMARY 

1. The quinimine and probably also the reduced form of p 
aminophenol make non-dialyzable complexes with receptors in 
the rat liver. Only the quinimine is active in inhibiting the oxygen 
uptake of the liverand the oxidation of hypoxanthine and xanthine 
by the xanthine oxidase. 

2. The inhibition of the xanthine oxidase by the quinimine is 
reversible if the mixture is incubated anaerobically for an hour at 
37°. The reduced p-aminophenol shaken in air at 37° with liver 
is not oxidized to the quinimine. 

3. Varying the concentration of the quinimine affects differ 
ently the inhibition of the liver uptake and the xanthine oxidase. 
The pH effect on the inhibition is different in both cases also. 

4. The xanthine oxidase of milk is usually not affected by the 
quinimine. This result has been shown to be due to an interfer 
ing substance in the milk oxidase preparation. 

5. The guanase of rat liver is inhibited but not completely by the 
quinimine. Uricase from pig liver is not affected by the drug. 
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Mescaline, 3,4,5-trimethoxyphenylethylamine, has been shown 
by Slotta and Miiller (1) to be excreted in the urine in the form of 
the corresponding acid when it is fed to various animals. It was 
therefore of interest to study the oxidation of mescaline in vitro 
and compare it with that of tyramine and other amines such as 
§-phenylethylamine, 8-phenyl-§-oxyethylamine, and isoamylamine 
which are oxidized by the tyramine oxidase. The results showed 
that the introduction of methoxy groups into the tyramine molecule 
definitely affected the properties of the oxidation. Mescaline is the 
active substance of a Mexican cactus (Anhalonium lewinii) and 
produces color visions and other effects when taken internally. 
The oxidation of mescaline which takes place in the liver is there- 
fore in all probability a detoxicating mechanism. 


EXPERIMENTAL 


An active tyramine oxidase is found in the liver and kidney of 
the rat, guinea pig, cat, dog, and rabbit as well as in other animals 
which were not used in this investigation. Under optimal con- 
ditions for the oxidation of tyramine, the oxidation of mescaline 
was investigated in the tissues of the various animals. The liver 
or kidneys were chopped with scissors, ground with sand in 0.05 
“ phosphate buffer at pH 7.8 (approximately 1.0 cc. of buffer 
per gm. of tissue), and pressed through muslin. Rabbit liver 
oxidizes mescaline rapidly, rat and guinea pig liver and rabbit 
kidney very slowly, and rat and guinea pig kidney and cat and dog 


*Part of the expense of this work was defrayed by a grant from the 
Duke University Research Council. 
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liver and kidney not at all. For the further study of the oxids. 
tion the rabbit liver was used. A standard preparation was made 
by dialyzing the preparation made as above against distilled 
water until the preparation alone had almost no oxygen uptake, 
The liver of an adult 2 kilo rabbit yielded about 150 ce. of the 
dialyzed suspension. 1.0 cc. of this preparation at pH 7.8 and 
37° can oxidize 1.0 mg. of mescaline sulfate (Hoffmann-La Roehe) 
to 3,4,5-trimethoxyphenylacetic acid in 2 hours with the uptake 
of 80 c.mm. of oxygen. 

If the liver suspension is centrifuged, a brown precipitate comes 
down leaving a cloudy solution which contains most of the hemo 
globin. Both fractions have about equal activity in oxidizing 
tyramine and mescaline. The precipitate can be washed free 
of hemoglobin with phosphate buffer of pH 6.7 and centrifuged 
and finally suspended in buffer of pH 7.8 and this procedure causes 
only a slight loss of activity compared with that of the original 
precipitate, which represents, of course, less than 50 per cent of the 
activity of the original suspension. Except for certain cases, 
therefore, the original dialyzed suspension was used. 

As stated above, the rabbit kidney oxidizes mescaline slowly. 
If the kidney suspension is dialyzed and centrifuged, the solid 
contains a very active tyramine oxidase but mescaline is not oxi- 
dized. The liquid which is cloudy and contains the hemoglobin 
oxidized tyramine more slowly but oxidized mescaline at about the 
same rate as the original suspension. For the purposes of com- 
paring the activity of the solid and the liquid after centrifuging, 
the solid was made up to a volume equal to the liquid by the ad- 
dition of phosphate buffer at pH 7.8. To sum up these facts, it 
is possible to get preparations that will oxidize tyramine but not 
mescaline but so far no preparation has been obtained that wil 
oxidize mescaline but not tyramine. Certain other amines, + 
phenylethylamine, 8-phenyl-8-oxyethylamine, and isoamylamine, 
are oxidized by all the preparations that oxidize tyramine. 

In order to determine whether it was possible to separate the 
mescaline oxidation from the tyramine in rabbit liver the following 
experiments were carried out. The relative rates of tyramine and 
mescaline oxidation were measured after dialyzing for varying 
lengths of time and compared with a suitably diluted undialyzd 
control. Both oxidation rates decreased slightly with time but 
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to the same extent. Liver suspension which was stirred into 20 
yolumes of water formed a precipitate which settled out and was 
washed with water several times. This preparation was active 
in oxidizing both tyramine and mescaline but was unable to oxi- 
dize succinate, amino acids, choline, and lactate. A liver prepara- 
tion was allowed to autolyze at 37° for 48 hours with toluene as a 
preservative, and the rates of oxidation for both tyramine and 
mescaline decreased equally. Finally, heating the preparation at 
different temperatures for varying lengths of time caused an equal 
joss in oxidation rates of both substances. 

It was possible that the inability of certain tissues to oxidize 
mescaline might be caused by the fact that the affinity constant of 
the enzyme for mescaline was less than that for tyramine, but this 
isnot the case. Kohn (2) has measured the affinity constant for 
tyramine using a purified pig liver preparation. He obtained a 
half saturation value with a tyramine concentration of 0.5 X 
10 m, and a saturation value of 2.5 K 10-*m. We have been 
able to confirm this for the rabbit liver preparation and have been 
able to show that the saturation value for mescaline is 0.25 X 
10° m; in other words, its affinity constant is greater than that 
for tyramine. No accurate half saturation values could be ob- 
tained. 

Bernheim (3) showed that tyramine took up 1, 2, or 4 atoms of 
oxygen per molecule depending on the age and treatment of the 
tissue used. Kohn (2) was able to purify the enzyme so that only 
1 atom was taken up. The rabbit preparation used in these 
experiments causes tyramine to take up 1 atom of oxygen very 
rapidly; the slope of the curve then abruptly changes and the up- 
take of the 2nd atom takes place more slowly and usually not 
more than 30 per cent of the 2nd atom is taken up during the 
experimental period. Mescaline, however, takes up 2 atoms and 
there is no change in the slope of the curve after the Ist atom of 
oxygen has been taken up. The oxidation of several other amines 
was therefore investigated. The results showed that the same 
preparation under the same conditions caused an uptake of 2 atoms 
of oxygen in the case of B-phenylethylamine and £-phenyl-6- 
oxyethylamine with no change in slope. With isoamylamine it 
8 necessary to have the correct enzyme-substrate relationship, 
which had to be determined for each preparation. If too little 
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enzyme was present in relation to the substrate, the oxidatig, 
ended abruptly before the theoretical uptake for 1 atom wa 
reached. If too much enzyme was present, there was a tendeney 
for somewhat more than | atom to be taken up. But in a smal 
but definite range of concentration exactly 1 atom of oxygen wa 
utilized for every molecule of isoamylamine. Fig. 1 shows the 
experimental oxygen uptakes in relation to the theoretical uptakes 
for all five amines and also shows their relative oxidation rates when 
saturation concentrations were used in all cases. The relative 
positions of the curves are not changed by using the amines ip 
amounts which in each case will give an uptake of 100 c.mm, ¢ 
oxygen. Hordenine, putrescine, and cadaverine are attacked 
slowly by the liver preparation but their oxidation rates are to 
slow for the determination of a definite end-point. 

The fact that mescaline takes up 2 atoms of oxygen indicates 
that the corresponding acid is formed. In order to prove this 
100 mg. of mescaline sulfate were oxidized by 50 cc. of the dialyzed 
rabbit liver preparation at pH 7.8. At the end of the oxidations 
small amount of acetic acid was added until the proteins precipi- 
tated. The flask was then put in boiling water for 5 minutes and 
the coagulum filtered off. The filtrate was evaporated to about 
10 cc. at room temperature under a fan. Enough hydrochlorie 
acid was then added to make the solution about 0.2 N and any 
precipitate which formed was filtered off. The solution was then 
thoroughly extracted with ether. Occasionally when the ether 
evaporated off, crystals were left. Usually, however, an oil % 
mained which was dissolved in the minimal amount of benzene. 
To this an excess of low boiling petroleum ether was added, the 
mixture was cooled, and the crystals filtered off. Recrystallim 
tion was carried out in the same way. Light yellow crystals wer 
obtained which melted at 116°, uncorrected. The analysis was 
theoretical, C 58.45, H 6.2; found, C 58.82, H 6.3. The yield 
was 56 per cent. 

Hare (4) has shown that oxidation of tyramine is insensitive 
cyanide during the uptake of 1 atom of oxygen per molecule but 
that the uptake of the 2nd atom was cyanide-sensitive (3) 
Mescaline takes up 2 atoms of oxygen per molecule, so cyanide 
was added to see whether the uptake of the 2nd atom was cyanide 
sensitive. Surprisingly, cyanide completely inhibited the oxyge@ 
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Fic. 1. The oxidation of the five amines by the rabbit liver preparation 
atpH7.8. The oxygen uptakes are in per cent of the theoretical, assuming 
the utilization of 2 atoms of oxygen per molecule of amine. 1.0 mg. of each 
amine was used. 


uptake in concentrations that had no effect on the uptake of the 
Ist atom of oxygen by tyramine in the same preparation. Thus 
0.01m KCN had no effect on the oxidation of tyramine, 8-phenyl- 
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ethylamine, §-phenyl-8-oxyethylamine, and isoamylamine byt 
completely inhibited that of mescaline. In order to confirm this 
a cyanide concentration curve was plotted and the results ap 
shown in Fig. 2. KOH was not used in the vessels, so that in each 
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Fia. 2. The effect of various drugs on the oxidation of 2.0 mg. of met 
caline sulfate by the rabbit liver preparation at pH 7.8. Curve 1 contrdl, 
Curve 2 with 0.001 m potassium cyanide, Curve 3 with 0.008 m sodium borat, 
Curve 4 with 0.1 m potassium pyrophosphate, Curve 5 with 0.005 m potet 
sium cyanide. 


case the original cyanide concentration remained constant except 
for losses due to its oxidation. As the concentration was lower, 
the inhibition became less until it was only about 40 per cett 
when 0.001 mw KCN was used. A true cyanide-sensitive syst® 
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should be inhibited almost completely with a concentration of 
0.001 um KCN. The indication here is that cyanide may be 
ing the mescaline from the surface of the enzyme. That 

the enzyme belongs to the cyanide-insensitive group is indicated 
by the methemoglobin formation by H:O2 when hemoglobin is 
added. Bernheim and Michel (5) have shown that methemoglo- 
bin is only formed under these conditions when cyanide-insensitive 
systems are used and mescaline produces as much methemoglobin 
as tyramine does. In a typical experiment when tyramine and 
mescaline had taken up the same amount of oxygen, 14.0 mg. of 
extra methemoglobin were formed by the tyramine and 13.5 
mg. by the mescaline. The cyanide inhibition is obtained whether 
the cyanide is added to the enzyme before the mescaline or after 
it; in other words, the presence of the substrate does not protect 
the enzyme from the cyanide effect in the sense that xanthine 
protects xanthine oxidase from it (6). Fig. 2 shows that 0.1 m 
pyrophosphate and 0.008 m borate also inhibit the mescaline oxida- 
tion. In these concentrations the two drugs have no effect on 
the oxidation of tyramine or of the other three amines. The 
inhibitory effect of borate on mescaline makes it impossible to 
plot an accurate pH curve in the alkaline range. As in the case 
of tyramine, the uptake of the 2nd atom of oxygen by §-phenyl- 
ethylamine and §-phenyl-8-oxyethylamine is inhibited by 0.005 
a KCN. With lower concentrations the inhibition is incomplete. 
Kohn (2) made the interesting discovery that the rate of oxida- 
tion of tyramine was increased by increasing the oxygen tension. 
We have been able to confirm this and have tested the effect of 
inereased oxygen tension on the rate of oxidation of the other 
amines. Table I shows the results. The oxidation rates of p- 
phenylethylamine and $-phenyl-$-oxyethylamine and mescaline 
are increased by raising the oxygen tension from 20 per cent to 
100 per cent. Hordenine, putrescine, and cadaverine are only 
slightly affected by increase in oxygen tension. Isoamylamine 
again shows a peculiarity. Increased oxygen tension increases 
the rate of oxidation but definitely depresses the amount of oxygen 
taken up, so that the oxidation stops sharply at less than 1 atom 
but not at any definite fraction of 1 atom. The explanation for 
this and also for the sensitivity of the oxidation to the correct 
‘zyme-substrate relationship probably lies in the toxicity of the 
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end-product for the enzyme. Oxygen itself is not toxic to the 
enzyme, because it is possible to shake it in 100 per cent oxygen for 
at least 2 hours before adding the substrate without a decrease in 
its activity. 

The ammonia produced by the deamination of the mescaline 
and the other amines was estimated by a vacuum distillation 
method and nesslerizat‘on after the oxidation was complete, 
The recoveries of ammonia in per cent of the theoretical were as 
follows: mescaline, 94 per cent; 8-phenylethylamine, 97 per cent; 
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Typical Experiment Showing Effect of Oxygen Tension on Rate of Oxidation 
of Various Amines by Rabbit Liver Preparation, pH 7.8 











O: uptake 
Amine RR Ta Sr Time 
| 20 per | 100 per 
cent O: | cent O: 
| cmm. | c.mm, per cent min, 
Tyramine 14 66 | 370 5 
| 86 | 137 | 145 15 
Mescaline 4 | 14 250 5 
20 | 35 75 15 
8-Phenylethylamine a 84 366 —|Cti‘«‘*SS 
54 |) so187 264 15 
8-Phenyl-8-oxyethylamine 6 | 23 | 366 5 
ih | 61 191 15 
Isoamylamine 31 63 204 5 
| so | 113 27 15 
179 | 132 | -2% | 3% 
| | -4 | @ 


134 





B-phenyl-8-oxyethylamine, 92 per cent; isoamylamine, 108 pet 
cent; tyramine, 72 per cent. The figures are the average of at 
least two determinations. All except tyramine show satisfactory 
agreement with the theoretical. The tyramine yields were col 
sistently low, and the reason for this discrepancy has not been 
determined. 


DISCUSSION 


The introduction of methoxy groups into the benzene ring of 
tyramine definitely modifies the molecule in respect both to % 
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oxidative deamination by tissues and its pharmacological action. 
In comparison with tyramine the oxidation rate of mescaline is 
slow but the corresponding acid is formed by preparations which 
are able to form only small amounts of the acid from tyramine. 
The two phenylethylamines are also oxidized to their correspond- 
ing acids. These facts suggest that a free hydroxy group in the 
para position inhibits the oxidation of the aldehyde group formed 
after deamination, but has no effect, as the relative oxidation 
rates of tyramine and §-phenylethylamine show, on the deamina- 
tion itself. ‘The rate of deamination is, however, affected not only 
by methoxy groups in the ring but also by a hydroxy group in the 
8 position as the relative oxidation rates of 6-phenylethylamine 
and 6-phenyl-8-oxyethylamine show. 

The fact that only the tyramine oxidase preparation of rabbit 
liver is able adequately to oxidize mescaline under the conditions 
of our experiments indicates that some factor other than the oxi- 
dase itself is necessary. This is also indicated by the fact that 
cyanide, pyrophosphate, and borate inhibit the mescaline oxida- 
tion in concentrations that leave the oxidation of tyramine and 
the other amines unaffected. Since all these substances form 
complexes with heavy metals, it is possible that some heavy metal 
is necessary with the tyramine oxidase to effect the oxidation of 
mescaline. This would be different from the cytochrome-indo- 
phenol oxidase system, for the latter is inactivated by prolonged 
dialysis and extensive washing as shown by the inability of the 
preparations to oxidize succinate. It is also thermolabile, be- 
cause addition of boiled rabbit liver extracts to tyramine oxidase 
of other tissues does not enable them to oxidize mescaline. 

It has been shown by Dakin (7) that methyl tyrosine is appar- 
ently metabolized differently from tyrosine itself. The oxidation 
of mescaline when compared with that of tyramine shows that 
methoxy groups in the benzene ring of amines closely related to 
tyrosine can affect the rate and course of the oxidation of these 
compounds in vitro. 

SUMMARY 

1. The oxidation of mescaline by a rabbit liver preparation has 
been described. This preparation contains an active tyramine 
oxidase but the tyramine oxidase in the tissues of several other 
animals is unable to oxidize mescaline. 
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2. Mescaline is oxidized to the corresponding acid which has 
been isolated. The theoretical amount of ammonia was recovered, 

3. Unlike the oxidation of tyramine, the oxidation of mescaline 
is inhibited by pyrophosphate, borate, and relatively large con- 
centrations of cyanide. Like that of tyramine the oxidation rate 
of mescaline is increased by raising the oxygen tension. Hydro- 
gen peroxide is produced during the oxidation. 

4. The properties of the oxidation of 8-phenylethylamine, ¢ 
phenyl-8-oxyethylamine, and isoamylamine are similar to those of 
tyramine. 


Addendum—Since this paper was submitted, Richter (8), Blaschko, Rich- 
ter, and Schlossmann (9), and Pugh and Quastel (10) have published results 
on the oxidation of tyramine and other amines. Richter has isolated al- 
dehydes after the oxidation of various amines. Blaschko et al. have studied 
the specificity and distribution of the enzyme and identified it with “ad- 
renalin oxidase.’’ See Blaschko, Richter, and Schlossmann for reference 
to Blaschko’s earlier work. Pugh and Quastel have studied amine oxida- 
tion in the brain. Although these workers mention mescaline, they have 
not studied it in detail and consequently have not shown that the proper- 
ties of its oxidation differ from those of the other amines. 
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The usefulness of deuterium as a means of labeling a compound 
in order to follow the substance through various steps in metab- 
olism has been amply demonstrated by the researches of Schoen- 
heimer and associates, particularly in the field of sterol and fat 
metabolism (1). The extension of the method to other fields of 
intermediary metabolism is, of course, obvious, and it occurred 
to us that such a method of approach might be useful in studying 
the metabolic relationship of methionine, homocystine, and cyst- 
ine. In the particular study which we contemplated, homocystine 
and methionine were desired with deuterium attached to the 
8 and y carbon atoms. 





CH; 
s —s | 
| | 8 
H—C—D H—C—D 
| H—C—D 
H—C—D H—C—D 
| | H—C—D 
H—C—NH; H—C—NH; 
| | H—C—NH;, 
COOH COOH 
COOH 
Homocystine-§, 8’, y, y'-ds Methionine-§, y-d; 


In order to make this and allied studies possible, the synthesis 
of these deuterium derivatives of homocystine and methionine was 
therefore undertaken. In considering various possibilities for 
the synthesis of these compounds, we finally concluded that the 
best approach would be through dideuteroethylene bromide. We 
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felt that, if the dideuteroethylene bromide could be prepared, 
the successful synthesis of the compounds desired was assured 
through the application of reactions we had already worked out 
for the synthesis of ordinary homocystine (2). To obtain the 
dideuteroethylene bromide we decided to prepare deuteroacety- 
lene from calcium carbide and heavy water, andethen to try to 
reduce the deuteroacetylene to dideuteroethylene, converting 
the latter, in the usual fashion, to the bromide. 

The preparation of the deuteroacetylene was based on the 
method used by Zanetti and Sickman (3). The acetylene was 
collected over water, since the next step was to be an aqueous 
reaction, and there was no need of keeping the acetylene dry as 
was necessary in the work referred to. The method was further 
more adapted to the production of large quantities of the com- 
pound. The reduction of the deuteroacetylene was accomplished 
by chromous chloride in HCl! solution, the reaction proceeding 
very smoothly. After the conversion of the deuteroethylene to 
the deuteroethylene bromide, it was found that an over-all yield 
of 63 per cent of the latter was obtained, based on the amount 
of deuterium oxide originally used. The dideuteroethylene 
bromide was condensed with benzyl mercaptan to yield dideutero- 
benzylthiolethyl bromide and this was then condensed with 
malonic ester. The dideuterobenzylthiolethylmalonic ester was 
saponified, and the resulting acid was brominated, after whieh 
the bromine was replaced with an amino group. The dideutero- 
benzylhomocysteine was next obtained in excellent yield by heat- 
ing the dideuterobenzylthiolaminomalonic acid with HC] to split 
out COs. The dideuterobenzylhomocysteine was then converted 
to the tetradeuterohomocystine by reduction of the former im 
liquid ammonia with metallic sodium followed by oxidation. The 
dideuteromethionine was obtained by reduction and methylation 
in liquid ammonia. Both the dideuteromethionine and the 
tetradeuterohomocystine so obtained contained the theoretical 
amounts of deuterium.! 

The synthesis of these amino acids with the theoretical der 
terium content is particularly significant to the question of the 


1 We wish to express our sincere appreciation to Dr. Rudolf Schoer 
heimer and to Dr. Mildred Cohn to whom we are deeply indebted for the 
deuterium analyses. 
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lability of deuterium, upon which attention has recently been 
focused (4). The many rather drastic reactions in aqueous 
solution and in other solvents containing ordinary hydrogen 
compounds are striking evidence of the stability of the deuterium 
jn the particular positions we have dealt with. The theoretical 
quantity of deuterium in the compounds also assures us that the 
deuterium has remained in the desired positions, and that rear- 
rangement or shifting of the deuterium has not taken place. If 
the deuterium had shifted to the nitrogen of the amino group or 
to the carboxyl, it would have been lost during the hydrolysis 
with HCl or during recrystallization from H,O. That a deuterium 
atom has shifted to the carbon atom a to the carboxyl group 
is also highly improbable. If such a shift had occurred, one 
would expect that some hydrogen would have partially replaced 
the deuterium. 

It might also be pointed out that the very simple preparation 
of dideuteroethylene and dideuteroethylene bromide which we 
have reported here throws open a convenient approach to the 
synthesis of other amino acids and a variety of other organic 
compounds containing deuterium. 


EXPERIMENTAL 


Preparation of Benzylthiolethylmalonic-B ,y-d, Acid—For the 
preparation of dideuteroacetylene 100 gm. of calcium carbide 
were evenly distributed in tubes A and B as shown in Fig. 1, and 
425 gm. tube of D.O (99.65 per cent D,O) was opened and quickly 
attached at W. By varying the pressure of CO, small amounts 
of D,O could be readily introduced into tube A. The purpose 
of tube B, containing CaCs, was to prevent the loss of any D.O 
that might escape along with the deuteroacetylene from tube A. 
The deuteroacetylene which was generated was collected in bottle 
D which was filled with tap water. The water thus displaced 
from D was collected in bottle E. 

Only a few liters of deuteroacetylene had collected in D by the 
time that all of the D,O had been forced into tube A. The latter 
was then warmed gently at that portion of the tube containing 
the calcium deuteroxide and absorbed D,O, and in this way the 
wehanged D,O was slowly driven onto fresh CaCs. 

When approximately 2.5 liters of water remained in bottle D, 
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the generation of deuteroacetylene was interrupted, the connee- 
tion Y was closed with a screw clamp, and the 2.5 liters of water 
were removed to E from D by applying suction at H. Connee- 
tion Z was then closed and D was replaced by bottle E and 
another bottle was then used in place of E to collect the water 
forced out. of the collecting bottle by the further generation of 
deuteroacetylene. The loss of deuteroacetylene through its 
solubility in water was minimized by use of the same water in 
suceessive runs. The furnace was now heated gradually above 

















Fig. 1. Diagrammatic sketch of deuteroacetylene generator. A and B 
represent combustion tubes, Pyrex No. 172, 900 XK 19mm. The tubesare 
connected with heavy walled rubber tubing at X; C is a gas furnace with 
which any desired portion of A can be heated; D and E, 5 gallon Pyrex 
bottles; F and G, large Pyrex test-tubes. F is immersed in a dry ice bath 
to prevent any water vapor from diffusing back into B from D; H, air outlet; 
K, Y-tube. The lower branch extends through a rubber stopper into 4 
for a distance of 6 inches, and is constricted about 1 inch from the outlet; 
W, Y, Z, heavy walled rubber tubing. 


the decomposition point of calcium deuteroxide, in such a way 
that all the liberated deuterium oxide was driven onto fresh CaGQ 
in tube B. Meanwhile a very slow stream of CO, was allowed to 
enter the system at K. When all the deuterium oxide had been 
removed from tube A, tube B was then placed in the furnace and 
the gradual process of converting the calcium deuteroxide back 
into D,O, ete., continued until there was an insignificant amount 
of deuterium left in B in the form of calcium deuteroxide. The 
combustion tube was finally swept out with CO: in order to get 
all of the deuteroacetylene into the collecting bottle. 
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The dideuteroacetylene was reduced to dideuteroethylene with 
chromous chloride (5). The solution of chromous chloride was 
prepared by reducing 2 pounds of chromic chloride (CrCl; -6H,O) 
in 1800 cc. of 25 per cent HCl with 1 pound of mossy zinc. 

The chromous chloride solution was added to bottle D by 
allowing the partial vacuum which had previously been created 
in the bottle to draw in the solution. The bottle containing the 
deuteroacetylene and the chromous chloride solution was shaken 
vigorously for 6 hours. The second bottle was also treated in 
this manner. 

In order to convert the dideuteroethylene into dideutero- 
ethylene bromide, the reduced gas was absorbed in three gas- 
washing towers containing an excess of bromine. The towers 
were kept in an ice bath during the process. The dideutero- 
ethylene bromide, containing some bromine, was washed with an 
ice-cold solution of sodium bisulfite until colorless. After being 
dried over anhydrous sodium sulfate, the resulting product was 
distilled. The material boiling within the range 130-135° was 
used for the synthesis of §-benzylthiolethyl-a,8-d, bromide. 
From the 25 gm. of D,O, 150 gm. of dideuteroethylene bromide 
were obtained which is 63 per cent of the theoretical yield. 

25 gm. of benzyl mercaptan were added to 5 gm. of sodium in 
40 cc. of methyl alcohol. When the sodium had all dissolved, 
the solution was cooled in an ice bath. At the same time, 199 
gm. of dideuteroethylene bromide were cooled to its freezing 
point in a 1 liter flask. The two solutions were mixed and kept 
inan ice bath. In less than 1 minute a vigorous reaction oc- 
curred. Immediately, 300 cc. of water were added. The lower 
layer was distilled at 70 mm. until all the unchanged deutero- 
ethylone bromide had been removed. This amounted to 152 
gm. The condensation just described was repeated with the re- 
covered deuteroethylene bromide, 5 gm. of sodium and 25 gm. 
of benzyl mercaptan being used. 113 gm. of unchanged dibro- 
mide were recovered from this second run and used in a third con- 
densation with 4.1 gm. of sodium and 22 gm. of benzyl mercaptan. 
78 gm. of dideuteroethylene bromide were recovered from this 
last run. The residues left from these vacuum distillations of all 
three condensations were then combined and distilled at 1 mm. 
pressure. The fraction boiling from 115-130°, consisting chiefly 
of B-benzylthiolethyl-a,8-d, bromide, was redistilled. The frac- 
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tion boiling at 118-123° at 1 mm. pressure, with a bath tempers. 
ture of 150°, weighed 55 gm., a yield of 41 per cent of the theoretj- 
cal amount. 

To a solution of 5.5 gm. of sodium in 100 cc. of absolute alcohol 
were added 60 gm. of malonic ester. The solution was cooled 
until precipitation began and then 55 gm. of dideuterobenzyl- 
thiolethyl bromide were introduced. The mixture was allowed 
to stand at room temperature for an hour, and then refluxed for 
3 hours. The reaction mixture was hydrolyzed by refluxing for 
1 hour with 70 gm. of KOH in 300 ec. of 50 per cent aleohol, 
The alcohol was removed in vacuo and the residual solution acidi- 
fied with concentrated HCl below 20° in the presence of 200 ce. 
of alcohol-free ether. 200 cc. of benzene were added to the ether 
layer and the ether removed in vacuo until crystallization con- 
meneced. After cooling the mixture in an ice bath for a short 
time the product was filtered, washed with benzene, and air-dried. 
28.5 gm. of the compound were obtained. It melted at 119-120 
(corrected). Concentration of the mother liquors yielded 11 gm. 
more of the product which melted a few degrees lower. The 
total yield was 39.5 gm., which is 65 per cent of the theoretical 
amount. The compound possessed the following analysis. 


CywD.H,,08. Calculated, D 14.3 atom %; found, D 14.3 + 0.4 atom % 


Preparation of S-Benzylhomocysteine-B ,-y-d2—28.5 gm. of 8-ben- 
zylthiolethyl-a ,8-d:-malonic acid were brominated and aminated 
as described for S-benzylhomocysteine (2). A yield of 16.8 gm 
was obtained. This is 66 per cent of the theoretical amount. 
The product is indistinguishable from the ordinary S-benayl- 
homocysteine in melting point and crystalline appearance. The 
compound gave the following analytical values. 


C,,D,H,;0.NS8 Calculated. N 6.16, 8 14.11, D 13.3 atom % 
Found. “ 6.29, “14.00, “ 13.4 + 0.5 atom % 


Preparation of Homocystine-8 ,B’ ,y , y'-di—8.25 gm. of S-bensyl 
homocysteine-8 , y-d2 were reduced with sodium in liquid ammonis 
as previously described for ordinary S-benzylhomocysteine (6). 
After the reduction was complete, 3.5 gm. of NH,Cl were added 
during the evaporation of the NH;. The residue was di 
in H,O and oxidized with air in the presence of ferric ion a8 
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catalyst. The crude product was dissolved in the minimum 
amount of dilute NaOH, filtered, and precipitated with HCl. 
The yield was 4.4 gm., which is 90 per cent of the theoretical 
amount. The compound gave the following analysis. 


CsD,Hw0.NS:. Calculated. N 10.29, 8 23.55, D 25.0 atom % 
Found. ** 10.62, “‘ 23.48, ‘‘ 24.4 + 0.3 atom % 


Preparation of Methionine-B ,y-dz—8.5 gm. of S-benzylhomocy- 
steine-B ,y-d. were reduced with sodium in liquid ammonia until 
the solution had a permanent blue color which was discharged 
with 0.3 ce. of CH;I. Then a further quantity of 2.4 ec. (1.05 
moles) of CH;I was added. The residue left after the removal 
of the NH; was dissolved in 15 ec. of HzO and made just alkaline 
to litmus with 45 per cent HI. 4.5 gm. of halogen-free product 
precipitated. The filtrate was concentrated almost to dryness 
and diluted to 200 cc. with absolute alcohol. 0.9 gm. of material 
precipitated on standing in the ice box overnight. Recrystalliza- 
tion of the two fractions from water by the addition of alcohol 
gave 4.4 gm. of halogen-free methionine-8 ,y-dz. The total yield 
of pure material was 78 per cent of the theoretical amount. The 
following analytical values were obtained for the compound. 


C;D,H,O.NS. Calculated. N 9.27, 8 21.21, D 18.2 atom % 
Found. ** 9.42, “ 21.05, “ 17.9 + 0.2 atom % 


SUMMARY 


The synthesis of tetradeuterohomocystine and of dideutero- 
methionine has been described. CaC; was allowed to react with 
deuterium oxide to form dideuteroacetylene which was then re- 
dueed by chromous chloride to dideuteroethylene and this in 
turn converted to the dibromide. The dideuteroethylene bro- 
mide so formed was condensed with benzyl mercaptan to yield the 
dideuterobenzylthiolethyl bromide. By means of the malonic 
ester amino acid synthesis, the latter compound was converted 
to dideuterobenzylhomocysteine. This compound served for 
both the synthesis of tetradeuterohomocystine and dideutero- 
methionine. The former was prepared by reduction in liquid 
ammonia with sodium followed by oxidation, and the latter by 
means of reduction and subsequent methylation. Both com- 
pounds contained the theoretical content of deuterium. 
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The possible utilization of the dideuteroethylene and its bro. 
mide in the synthesis of other amino acids and other organic com- 
pounds containing deuterium in definite positions has been 
pointed out. 
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The equilibrium between hemoglobin and oxygen seemed to 
have been satisfactorily analyzed by the work of Henderson (1) 
and Peters and Van Slyke (2). Under the influence of Hender- 
son’s theory, that this equilibrium depends on the difference in 
the strength of the acid dissociation constants of hemoglobin and 
oxyhemoglobin, the specific effect of the added salts was ignored 
and any inhibition was usually attributed to the hydrogen ion 
concentration. As a consequence many investigators of this 
problem were often overzealous in having their solutions well 
buffered. The discovery of Henriques (3) of the probable exist- 
ence of “carbhemoglobin” was followed by a number of inves- 
tigations demonstrating the existence of carbamino compounds 
of hemoglobin and oxyhemoglobin. The carbamate equilibrium 
was thus given an important function in CO, transport (Ferguson 
and Roughton (4), Stadie and O’Brien (5)). But up to the pres- 
ent time the effect of electrolytes has received scanty attention. 
Barcroft and Camis (6) and Barcroft and Roberts (7), as early as 
1909, reported that sodium chloride and potassium chloride in- 
creased the affinity of hemoglobin for oxygen. More recently 
Green and Talbot (8) in a preliminary note stated that, “the oxy- 
gen dissociation curves of horse hemoglobin moved symmetrically 
to the right with increasing sodium chloride concentrations,”’ 
and Kono (9) has reported that in low hemoglobin concentrations 
neutral salts have no influence on the oxygen dissociation, while 
in high hemoglobin concentrations these salts depress the dissocia- 
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tion equally when isotonic solutions are used. Clearly it is eggep. 
tial for a comprehensive treatment of the hemoglobin-oxygep 
equilibrium to restudy the problem of the effect of electrolytes, 
Such a study is presented in this paper which, it is believed, sup. 
ports the opinion that hemoglobin combines with some anions, 
effecting the hemoglobin-oxygen equilibrium. 


EXPERIMENTAL 


Preparation of Hemoglobin Solutions—Defibrinated human blood 
was centrifuged four times and washed with 0.9 per cent sodium 
chloride solution. To the remaining cell suspensions 1.5 volumes 
of water and 0.1 volume of diethyl ether were added. The mix. 
ture was thoroughly shaken and then centrifuged again for 30 
minutes. The thick mass containing the cell débris was discarded. 
To the remaining solution 0.2 volume of a colloidal suspension 
of aluminum hydroxide was added. This mixture was shaken, 
carefully filtered, and the excess ether removed by blowing a 
stream of oxygen over the surface of the solution contained ina 
bottle which was slowly rotated. The resulting solution of hemo- 
globin was placed in a cellophane bag (porous enough to let hemin 
diffuse out slowly) which was then introduced into a cylinder in 
which triple distilled water was kept flowing continuously for 
36 hours. Usually, 20 liters of water were used in this process. 
In the final preparation for the spectroscopic determination the 
dialyzed human hemoglobin was centrifuged once more. No 
potassium, sodium, or chloride ion could be detected in these 
samples. Each step in the procedure was carried out in a cold 
room maintained at 3°, and solutions were stored at a temperature 
of 3-5°. Each sample was saturated with oxygen in a tonometer, 
and the concentrations of oxyhemoglobin present in these solu- 
tions were determined on 2 cc. samples in triplicate by the Van 
Slyke manometric method. 

After some experience with these solutions we established the 
criterion that a well dialyzed solution should be saturated to the 
extent of 50 per cent at 25° with an oxygen pressure of | mm. 
Many samples which did not fulfil this condition were rejected. 
In no case was a sample obtained which was saturated to a greater 
extent, under these specified conditions. 

Preparation of Gas Mixtures—Gas mixtures of known compos 
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tion for subsequent equilibration determinations were prepared 
and manipulated in a glass system which could be evacuated 
thoroughly by means of a mercury vapor pump. The apparatus 




































































Fie. 1. Apparatus for controlling gas mixtures 


employed to purify and measure the gases used appears schemat- 
ically in Fig. 1. The 2-way stop-cock (A) served to allow com- 
mercial tank hydrogen or commercial ‘“water-pumped” nitrogen 
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to pass over copper pellets maintained at 450-500° within the 
Pyrex tube in the furnace (B). The 3-way stop-cock (C) cop. 
nected through one branch with the drying tubes (D), which 
were filled with soda lime and phosphorus pentoxide; the other 
branch (C) functioned as a convenient by-pass for water vapor 
during reactivation of the copper surface, or for purified undried 
nitrogen. The dried nitrogen was allowed to escape into the air 
through one branch of the 3-way stop-cock (EZ), or could be ad- 
mitted to the gas-mixing chamber (F). 

Commercial medicinal oxygen was also passed over soda lime 
and phosphorus pentoxide through stop-cock J. The oxygen- 
drying tubes (@) were connected to the mixing chamber (F) in 
the same manner, through H, as for nitrogen, and stop-cock / 
made undried oxygen available. 

Commercial carbon dioxide was freed of oxygen and other con- 
taminants by adsorption upon activated charcoal contained ina 
trap (J) cooled with acetone and solid carbon dioxide. Prior 
to adsorption of the carbon dioxide the adsorption trap and phos 
phorus pentoxide drying chamber (K) were evacuated through 
stop-cock N’ by the pumps. The charcoal was degassed by heat- 
ing with a furnace to 500° in a high vacuum. The evolution of 
the carbon dioxide from the characoal surface was controlled by 
lowering the cooling bath around trap J. The dried gas was ad- 
mitted to the mixing chamber through the 3-way stop-cock L. 

The gas-mixing chamber (F) consisted of one 6 liter and two 
12 liter flasks connected, but made independent of each other by 
means of stop-cocks M and M’. One (or more) of these flasks 
could be evacuated through stop-cock N, to a pressure of 10° 
mm. of mercury. The pressure of oxygen in the gas mixtures 
used was determined directly by the use of the McLeod gage 
(O) calibrated to measure pressures accurately over the range of 
10-* mm. to 20 mm. of Hg. Higher pressures were read directly 
from the closed end manometer at P. 

The final mixture was made by first admitting the oxygen (and 
carbon dioxide) to a definite pressure, and then adding the diluent 
gas until the pressure in the chamber was atmospheric. The mix 
ture was then allowed to reach equilibrium temperature and the 
final pressure was recorded. Portions of the equilibrium mixture 
of gas were then passed through the Toepler pumps (Q) and 
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thereby forced through the mercury valve (R) into the tonometer 
absorption cell. 

The nitrogen and carbon dioxide obtained by treatment in this 
apparatus were tested for the absence of oxygen by passing the 
gases through a solution of safranine which had been reduced by 

n in the presence of platinized asbestos (10). 

Tonometer Absorption Cell and Tonometer pH Cell—In the study 
of the hemoglobin-oxygen equilibrium by the spectrophotometric 
method it is necessary to bring the hemoglobin solution into 
equilibrium with a known pressure of oxygen in the same cell to 
be used for measuring the absorption spectrum. The tonometer 
cell used for this purpose is shown in Fig. 2. The saturation 
chamber (EZ) was filled to a point just below the ground joint 








TONOMETER ABSORPTION CELL TONOMETER pH CELL 
Fic. 2. Absorption and pH tonometers 


(@) with the solutions to be measured. The tonometer absorp- 
tion cell fitted into a socket on a base upon which a motor with a 
144 to 1 speed reduction was mounted. The shaft of the motor 
was coupled to tip J on the saturation chamber by means of a 
piece of rubber tubing. This arrangement allowed EZ to turn 
upon joint G at about 40 r.p.m. The gas mixture passed into the 
cell through stop-cock B and out at A while E was rotating. After 
the solution was saturated, the tonometer absorption cell was 
tilted so that the saturation chamber (EZ) was in a vertical posi- 
tion, and the incoming gas mixture forced the saturated solution 
up the tube (K) into the absorption cell, where its optical absorp- 
tion could be measured. The solution could be transferred back 
into the saturation chamber by changing the inlet tube from B to 
A and tilting the cell so that the liquid ran back through K. 
Stop-cocks A and B had plugs bored in such a way that the tubing 
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up to the stop-cock could be swept out with the gas mixture, 
thus preventing contamination of the contents of the cell with 
the air originally present. 

The tonometer pH cell consisted of a saturation chamber (f) 
which contained a capillary glass electrode (L) and an agy. 
potassium chloride bridge (M). It was manipulated in a manne 
similar to that for the tonometer absorption cell. The saturating 
gas mixture was passed, first through the tonometer absorption 
cell, and then through the tonometer pH cell as both saturation 
chambers were being rotated. While the optical absorption wy 
being measured, the pH was measured in the other cell. The 
electrical measurements involving the glass electrode were made 
in the usual manner with an amplifier circuit which contained 
an FP-54 pliotron. 

A Freas air thermostat contained the speed-reducing motor, the 
tonometer cells, a calomel electrode, and a gas-washing tube whieh 
could be filled with water or a suitable solution to prevent los 
of water from the tonometer cells on passage of the gases. This« 
thermostat controlled the temperature of the air within +05 
at 25°. The gases employed were led into the thermostat by 
means of seamless copper tubing sealed to glass at one end by 
wax joints. Short lengths of seasoned rubber tubing served te 
connect the tonometer cell stop-cocks with the copper tube. 

Absorption Measurements—The photoelectric spectrophotom- 
eter and the general method employed here to determine the 
spectroscopic constants and the relative amounts of hemoglobin 
and oxyhemoglobin in solution have been described in an earlier 
paper (11). Absorption cells with crystal quartz windows wer 
used in a light-tight cell chamber fitted with an electrically drive 
fan, heating coil, water-cooled coils, and a mercury-filled therme 
regulator which interrupted the current through a relay contro- 
ling the heating current. The absorption cells were thus held # 
constant temperature; in this case, 25°. 

The absorption coefficients, as calculated from Beer's law, at 
defined by the equation: 


I 
logy 3 = acl 


where J, = relative intensity of light of wave-length \ passing through 
solvent 
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I, = relative intensity of light of wave-length \ passing through 
solution to be studied 

a = absorption coefficient 

c¢ = concentration in moles per liter (based on total oxygen capa- 
city) 

1 = length of absorbing medium; i.e., length of absorption cell 
in cm. 


The concentration employed in the calculation of the relative 
absorption coefficients was that of the total oxygen capacity in 
moles of oxygen per liter of the solution studied; 7.e., the oxygen 
capacity of the initial solution as determined by the Van Slyke 
manometric method, multiplied by the appropriate dilution factor. 
Thus the absolute values of the absorption coefficients may be 
calculated from the figures given, only when the number of oxygen 
molecules per molecule of oxyhemoglobin is definitely known (very 


probably 4). 
Absorption Spectrum of Human Dialyzed Hemoglobin 


Numerous reports have been published on the absorption spec- 
trum of hemoglobin (copious information on the literature will 
be found in Drabkin and Austin’s paper (12)). Few of them 
(Newcomer (13), Suhrmann and Kollath (14)) examined it at 
the same time in the ultraviolet and visible regions of the spec- 
trum. Adams (15), who made the most recent report on the 
ultraviolet spectrum of hemoglobin, stated that no difference was 
found between hemoglobin and oxyhemoglobin with respect to 
the position of the Soret band (around 4000 A), although, accord- 
ing to him, ‘“The exact centre of the band is difficult to locate.” 

Dialyzed human hemoglobin solutions prepared as described 
above were examined in the ultraviolet and visible regions of the 
spectrum. The absorption spectrum was determined with cells 
open to the air, or in the tonometer absorption cell with an atmos- 
phere of oxygen. Solutions of purified but undialyzed oxyhemo- 
globin in acetate, bicarbonate, phosphate, and veronal buffers, 
respectively, were studied in the same manner. No differences in 
the spectra so determined were found. For the absorption spec- 
trum of hemoglobin, the solutions were deoxygenated with puri- 
fied nitrogen, hydrogen, or carbon dioxide. Dialyzed hemoglobin 
and hemoglobin in the presence of the buffers mentioned above 
gave identical spectra (Fig. 3). In Table I is given the position 
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of the maximum absorption bands of oxyhemoglobin and hemo. 
globin. In both substances the positions of the first 
attributed to the globin fraction, are identical; the second band 
(3500 A.), which has a sharp maximum in oxyhemoglobin, js 





qt ' Li T ' UJ 





~e—e- HEMOGLOBIN 
$ ~O-O- OXY HEMOGLOBIN 








—— +. 








l l l 
2000 3000 4000 





5000 Ci 
WAVE-LENGTH INA. 


Fic. 3. Absorption spectra of hemoglobin and oxyhemoglobin 


shifted to the right on deoxygenation, thus becoming masked by 
the Soret band; the Soret band shifts to the right by 150 A. 
deoxygenation. Finalby, a band at 7550 A. was observed in oxy- 
hemoglobin, not reported previously probably because all the 
measurements heretofore had been stopped at 7000 A. 
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Analytical Region of Spectrum—lIn all previous measurements of 
the hemoglobin-oxyhemoglobin equilibrium performed spectro- 
trically the fourth and fifth bands (5415 and 5760 A. 
respectively) of oxyhemoglobin were used for the determination of 
the ratios of absorption coefficients. Both the absolute mag- 
nitudes and the ratio of the absorption coefficients at 7550 A. 
make this the most useful wave-length in comparing the spectro- 
scopic and the Van Slyke methods of analysis. In practise, the 
values of log I/7, for a solution of oxyhemoglobin, for the same 











Taste I 
Absorption Data for Hemoglobin and Oxryhemoglobin 
Hemoglobin Oxyhemoglobin 
Wavelength, A. | Absorption coefficient | Wavelength,A. | Absorption cocfiicient: 
Maxima 
2750 31,400 2750 36 ,000 
4300 118,000 3500 28 , 800 
5525 12,900 4150 128 , 500 
7550 396 5415 14,200 
5760 15,400 
Minima 
2550 28 ,000 
2550 27 ,000 3050 16,700 
3100 14,400 3700 24,200 
4750 3,680 5100 5,100 
7300 290 5600 8,400 
6700 60 














solution completely deoxygenated in the tonometer cell with 
nitrogen, and for the solution after equilibration with a mix- 
ture of known oxygen pressure were determined at 7550 A. Cal- 
culation of the per cent oxygenation from the absorption data 
could be performed readily, either graphically or from the equa- 
tion 











log = — log iil iy 
% oxygenation = 100 X (2) Hb (Iz) mixture 
Io Io 
log log 
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Effect of Salts on Hemoglobin-Oxyhemoglobin Equilibrium—Thp 
experimental results on the effect of salts on the hemoglobip. 
oxyhemoglobin-oxygen equilibrium are found in Table II ang 
Fig. 4. All determinations were made at 25°, and as nearly gs 
possible the pH of the solutions was kept constant. The pH 
change of hemoglobin solutions on addition of neutral salts m 
ported by Cohn, Green, and Blanchard (16) and observed by ws 

















TABLE II 
Hemoglobin-Orygen Salt Effect Data 
p(O.) = 5 mm. 
Salt Concentration | vx10 | pH | 900 
M | 
NaHCO, 0.0182 16.5 100 
0.0127 24.0 | 70 
0.00727 25 | 68 | @ 
0.00182 62.0 ee 
0.000182 75.5 | 1 
0.00 80.5 | 0 
NaCl 0.02 73.6 | 7.12 | 
0.06 66.5 | 6.99 
0.10 58.4 7.04 
0.00 81.0 | 6.99 | 
Na,SO, 0.02 60.2 7.08 | 
0.06 | $7.4 7.03 | 
0.10 | 306 | 7.06 | 
NasCcH,0; 0.02 | 44.5 7.15 | 
NaH,PO, + Na.HPO, 0.005 66 | 
0.02 | 36 | 6.8 
0.05 | 20 | 
KCI 0.05 | 71 | | 
0.10 8.5 | 68 | 
0.15 7.5 | 








was very small with the salt concentration used in these expert 
ments; furthermore, the minimum of this pH change is around 
the isoelectric point of hemoglobin, pH value of our solutions 
The hemoglobin concentration and the oxygen pressure (5 mm, 
were kept constant, the nature of the salt and its concentration 
being the only variable factors. A glance at Fig. 4 will show that 
all salts inhibit, in varying degrees, the affinity of hemoglobin for 
oxygen; the most marked effect is that due to the bicarbonate. 
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These results at constant pH and constant oxygen pressure can 
be expressed by the empirical equation 


K 
1" TE K'Ge) ” 
in which y is the fraction oxygenated and (Sa~) is the concentra- 
tion of the added salt. The curves in Fig. 4 are made on the basis 
of this equation, with K’ values determined from the data in 
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Fig. 4. Saturation of hemoglobin as a function of the salt concentration 





Table II and with K taken to be equal to 0.8 (the value of y 
when no salt is added). 


DISCUSSION 


The possibility that the effect of salts on this equilibrium is due 
to the known effect of salts in changing the activity coefficients 
of the substances involved may be examined in the light of the 
work of Cohn and his coworkers, on the activity coefficients of 
the proteins, and particularly of Green (17) on the activity coeffi- 
cients of carboxyhemoglobin. 
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If we assume that 4 oxygen molecules combine stepwise with 
hemoglobin, and if we take activity coefficients into account, the 
fractional amount of hemoglobin oxygenated (y) may be expressed 
by the equation 


p+ 2Ki Ks ~ "pt + BKiKaKe ™ p+ AK, Ka Ka Ke” =o 








y= (2) 
Trent p+ KiKi P+ Ki Ka Ks 9 RRR | 


where K,, Ke, Ks, and K, refer to the association constants for 
each of the steps of oxygen combination, p, the pressure of the 
oxygen, and yo, 71, Y2, Ys, and ys are the activity coefficients of 
unoxygenated hemoglobin and each of the oxygenated species 
respectively. The depressing effect of salts would then be a 
function of yo/yz (vz referring to any of the oxygenated species) 
and yo/yz should have a value less than 1. 

Green (17) from solubility studies found that the activity coeffi- 
cient for carboxyhemoglobin could be expressed by the equation 


—logy = Ki\/u — Kou (3) 


in which uy is the ionic strength of the solution, and K; and K, are 
the salting-in and salting-out constants, respectively. “K; is 
characteristic of the protein and K, varies with the electrolyte.” 
From Equation 3 it follows that 


—log * = AKi\/_ — Kus (4) 


If K, were only a function of the salt as Green postulates, the 
last term in Equation 4 would be equal to 0 and it might be argued 
that yo/y: should have a value very nearly equal to 1, and that 
the salt effect is due rather to compound formation between the 
hemoglobin and the anion. However, the application of Equa- 
tion 3 (developed for strong electrolytes) to proteins is very 
doubtful and any conclusion regarding compound formation must 
be made with some reserve. 

By analogy to the activity coefficients of other proteins 4s 
determined by solubility measurements we may represent the 
activity coefficients of hemoglobin and oxyhemoglobin graphically 
(Fig. 5) as a function of the ionic strength. We are dealing with 
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the difference between these two functions in any case, whether 
there be compound formation or not. 

To represent our results as a function of the ionic strength we 
shall simplify the problem and consider the hemoglobin equilib- 




















2 


in 


Fig. 5. Qualitative relationship between activity coefficients of hemo- 
globin and the ionic strength of the solution. 


rium (at constant oxygen pressure and constant pH) to be repre- 
sented by the equation 
Hb + nO, = Hb(O,), (5) 
The equilibrium constant for this reaction is then 
y'(Hb(O;),) 
- 6 
ve(Hb) f- 


(Hb(0O;),) (7) 


7’ 
—pK @ log +1 
PK = log, + 0s Cp) 
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Log y'/yo is a function of the ionic strength and (Hb(O,),)/ 
(Hb) = y/(1 — y). Plotting log y/(1 — y) against y, the ionic 
strength, we obtain curves given in Fig. 6. 

While the points for different salts fall on different curves, it 
cannot be argued conclusively that the effect is due to specific 
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Fia. 6. The logarithm of the ratio of oxyhemoglobin to hemoglobin 
as a function of ionic strength. 


compound formation until we know more about the effect of 
strong electrolytes on the activity coefficients of such complicated 
zwitter ions as the proteins. It is known that carbon dioxide 
depresses the affinity of hemoglobin for oxygen through the 
formation of carbamino compounds of hemoglobin and oxyhemo- 
globin, but hemoglobin at isoelectric pH does not form carba- 
mate (Stadie and O’Brien (5)). In our experiments with bicar- 














Sidwell, Munch, Barron, and Hogness 349 


bonate, where the pH of the solution was kept at 6.8 (isoelectric 
point of hemoglobin pH 6.78 (18, 19)), this depressing effect of the 
biearbonate-carbon dioxide mixture cannot therefore be attributed 
to carbamate formation. Nevertheless, we might reasonably sup- 
pose that no theory of interaction between negative ions and hemo- 
globin will account for the great difference between the bicarbonate 
and chloride ions, and therefore compound formation takes place 
between the bicarbonate and the hemoglobin. The same argu- 
ment might also apply to the phosphate. 

It is impossible to isolate the effect of the monohydrogen phos- 
phate and dihydrogen phosphate ions without changing the pH 
of the solution, for at constant pH the activities of these two ions 
remain in a constant ratio to each other. The same condition 
holds for the bicarbonate ion, carbonate ion, carbonic acid, and 
carbon dioxide. The effects of the individual species can only be 
analyzed after we have a knowledge of the isolated effect of the 
hydrogen ion on the hemoglobin-oxygen equilibrium in dialyzed 
solution. 

The empirical Equation 1 can be deduced on the assumption 
that one negative ion combines with unoxygenated hemoglobin 
to decrease its tendency to combine with oxygen to such an ex- 
tent that only an inappreciable amount of oxygen combines with 
the salt form. However, in view of our concept of proteins as 
awitter ions, such an assumption does not seem to be a reasonable 
one. 

Throughout the whole of this work we have assumed that the 
absorption spectrum of one oxygenated heme is not dependent on 
the oxygenation of another heme on the same molecule; that the 
interaction energy between the heme groups on the hemoglobin 
molecule is not very large. We have found no evidence con- 
tradicting this assumption. In no case did we find an absorption 
region which failed to increase or decrease proportionately with 
increasing oxygenation, as would be expected if this assumption 
were not a valid one. 

Preliminary analysis of the curve for dialyzed hemoglobin has 
shown that the interpretation of these data is by no means as 
simple as that with undialyzed solutions (if the salt effect is 
neglected). Log y against log p plots (Ferry and Green (20)) 
are no longer straight lines. 

The fact that bicarbonate and phosphate have the greatest 
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effect may have a physiological significance in that these salts 
increase the oxygen tension in the blood when it is in closest con- 
tact with respiring tissue. 


SUMMARY 


The addition of salts (NaCl, KCl, Na,SO,, NasCsH;O7, NaH,PO, 
+ Na,HPO,, NaHCO; + CO,) at different concentrations to di- 
alyzed human hemoglobin inhibits the oxygenation of hemo- 
globin. The inhibiting effect increases with the nature of the 
salts in the order described. In some cases this inhibiting effect 
is very probably not due to an ionic strength effect but to the 
combination of anions with hemoglobin. 

The spectra of hemoglobin and oxyhemoglobin in the ultra- 
violet and visible regions of the spectrum up to 7700 A. have been 
determined. 
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COMPLEMENT ACTIVITY AS INFLUENCED BY CERTAIN 
CHEMICAL AGENTS: 
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(From the Institute of Pathology, Western Reserve University and University 
Hospitals, Cleveland) 
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In preceding papers (1), it has been shown that a direct cor- 
relation exists between the concentration of ascorbic acid and the 
complementary activity of guinea pig serums. Serums with op- 
timum quantities of ascorbic acid added to them also show a 
distinct rise of activity and increased stability. Furthermore, 
it has been noted that ascorbic acid does not reactivate the end- 
or the mid-piece of complements. However, an increased ac- 
tivity is noted when mid- and end-pieces are combined. 

Complement denatured by yeast improves by the addition of 
ascorbic acid, while NH;-treated complement does not show reac- 
tivation. Aeration of complement reduces its activity, which 
may be restored by ascorbic acid. 

Valley (2), in 1928, showed that “spontaneous” inactivation 
of complement is, at least partially, a reversible reaction and 
succeeded in reactivating complement with sodium hydrosulfite. 
Gordon and Thomson (3), in 1933, pointed out that iodides and 
thiocyanates behaved differently from sodium and potassium 
chlorides, nitrates, and bromides. Iodides and thiocyanates in 
small doses (just in excess of the inhibitory dose) acting for 2 
hours produced an inhibition that was largely or entirely irrevers- 
ible on dilution. 

These observations are all of obvious significance and suggest 
the possibility that the effect may be largely attributable to 
reversible chemical actions upon certain definite groups, as shown 


* Aided by a Grant-in-Aid, Division of Medical §ciences, National 
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by Shwachman, Hellerman, and Cohen (4), in 1934, in their 
excellent studies on the reversible inactivation of enzymes and 
pneumococcus hemolysin. 

Accordingly, a study was planned to investigate the reactiva- 
tion of complement of vitamin C-deficient guinea pigs, aged 
guinea pig complement, aerated complement, and complement 
treated with various oxidants, reductants, and components of 
complement. 


Method 


The same method of complement titration (initial hemolysis) 
described in previous studies was followed. Serums showing no 
initial hemolysis in doses of 0.1 cc. (of a 1:30 dilution) were con- 
sidered inactive. It may again be stated that the determination 
of the point of initial hemolysis in complement titration is a most 
accurate measure of its activity. In order to clarify the data in 
this study, the results are expressed on a percentage basis and the 
original titer of the serum considered as 100 per cent active. 
Complement was daily obtained from the carotid artery or by 
cardiac puncture of normal stock guinea pigs. All the reagents 
were carefully prepared, standardized, and dissolved in m/I5 
phosphate buffer of pH 7. Glassware was free of heavy metals, 
and the water triple glass-distilled. 

The concentrations of oxidants and reductants are found in 
Tables I and II. 

All the controls of the reagents used showed no hemolytic 
action by themselves. The experiments were repeated and were 
strictly reproducible. 


EXPERIMENTAL 


Complement from vitamin C-deficient guinea pigs (24 days), 
aged complement (8 and 22 days at 3°), and complement inacti- 
vated by aeration were incubated at 37° for 30 minutes with the 
reductants indicated and immediately titrated. In the aeration 
experiments the serum was covered with sterile mineral oil. It 
was noted that the period of aeration necessary for controlled 
oxidation varied with the different serums (3 to 7 hours). The 
results are summarized in Table I. 

Fresh complement was then inactivated with iodine, H,0s, 
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quinone, CuzO, and CsH;HgCl, and subsequently treated with 
the following reductants: H:S, KCN, ascorbic acid, and various 
fractions of fresh complement. The quantities of oxidants and 
reductants employed are found in Table II. The same procedures 
as described above were followed. Table II gives the results ob- 
tained. 

It is evident from this summary that complement may be re- 
versibly inactivated by various oxidants under controlled condi- 
tions. Prior to each experiment the smallest amounts of oxidants 


Taste I 
Reactivation of Complement from Vitamin C-Deficient Guinea Pigs, and 
Complement Inactivated by Aeration and by Prolonged 
Standing in Refrigerator 
The results are expressed in per cent activity. 
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_—y Serum 
viata) serum | imecereesy 
cient | inacti- i 
Serum oe 38 vated by = Ss 
& on | . 4 hrs. 
scorbu- aeration — aa 22 
a iene De 
A. Original (1:30) control................. 100 100 100 100 
B. After inactivation (1:30)............... 44 0 50 
lee. (B) 1:20 + 0.5 cc. H,S (water-satu- 

ET ees .. one echace, dc eee 80 83 | 100 | 66 
lee. (B) 1:20 + 0.5 ce. KCN (0.002 n).... 44 30 40 0 
1“ “ 1:20+ 0.5 “ Na,S,0, (0.2%)....| 57 62 50 0 
1“ * 1:20 + 3 mg. ascorbic acid + 0.5 

=. Brooks’ solution.................... 8 | 5 80 0 








and the shortest period of incubation should be determined be- 
cause the serums show marked variability in their resistance to 
oxidation. However, little variability was noted in the amounts 
of the reductants required. 

Quinone-inactivated serum showed marked resistance to reac- 
tivation. This may be due to specific actions other than simple 
oxidation. 

Since the inactivated complement may be reactivated by all 
the known components, it can be assumed that the oxidants em- 
ployed have no apparent effect on these fractions. The effect 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL. 123, No. 1 














354 Complement Activity 


must be oxidative in character and probably involves either 
thiol groupings, ascorbic acid, or lipids. 

For inactivations by CuszO and C,H;HgCl, the amounts indi- 
cated in Table II were shaken with complement for 5 minutes, 
allowed to stand for 45 minutes at room temperature, and cen- 


trifuged. 


TaB.e II 


Controlled Inactivation of Complement by Oxidanis and Metal Compounds 
with Subsequent Reduction and Reactivation 
Iodine solution: Each cc. contained 0.01 n I, + 0.0075 n KI in m/1§ 
phosphate buffer of pH 7. 
H,0, solution: 1 ec. of superoxol + 9 cc. of M/15 phosphate buffer of pH7. 
Quinone: 0.001 N in m/15 phosphate buffer of pH 7. 
Incubation period, 30 minutes. 
The results are expressed in per cent activity. 
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HB GEE Ee | fe, 
|} So | Ss | | ) 
ati iat8late at |ats 
was |-E8| -8s | -99| “7 
| 88S | he | $85 $80 A 
A. Control (normal)................... | 100 | 100 | 100 | 100 | 10 
B. After inactivation...... | 0 0 0; 0; @ 
1 ee. (B) 1:20 + 0.5 cc. H,S (water-satu- | 
SAE aR AEE Si (7 | s3 | o | 75 | 109 
lec. (B) 1:20 + 0.5 ce. 0.002N KCN...) 0 | 45 5 0 | 7% | 100 
1“ * 1:20 + 3 mg. ascorbic acid + | | 
0.5 ec. Brooks’ solution............... 60 | 33 0; 0 | 0 
l ec. (B) 1:20 + 0.5 ec. 1:10 NH;-treated 
Sti edbetastnededeten- | 7% | 7% | O 85 | 100 
l ee. (B) 1:20 + 0.5ce. 1: 10 yeast-treated | 
ethic cnel, dlotueuka -ninies bes 8 | 100 | O | 100 | 10 
l ce. (B) 1:20 + 0.5 ce. 1:10 heat-treated 
serum (56°, 30 min.).................. 75 | 7 | O | 75 | 10 
DISCUSSION 


In view of our previous studies showing the importance of 
ascorbic acid in complement function, it can now be pointed 
out that complement can be effectively oxidized and reduced, 
provided that all oxidations and reductions be controlled. Un 
controlled oxidations lead to irreversibility. 
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The only conclusion that can be drawn from the literature is 
that complement consists of a number of components (4) acting 
in sequence. On this basis it is at present impossible to state 
that the oxidation-reduction control is exerted on a hypothetical 
complement molecule or on an equally hypothetical auxiliary 
substance needed for its final activity. Our observations thus 
far have proved the existence and necessity of some auxiliary 
agent or agents like ascorbic acid and possibly glutathione, factors 
that may be called fifth and sixth components in terms of the old 
school. 

Considering the comparatively low concentrations of reductants 
in the complement dilutions employed, the necessity of relatively 
large amounts of oxidants or metals needed to inactivate, and 
the likewise large amounts of reductants required for reactivation, 
the assumption that oxidation-reduction effects may act on the 
“whole complement” itself rather than on a supplementary sub- 
stance alone is not entirely without foundation. 

In vivo, under normal conditions, the reductants occur in suffi- 
cient amounts adequate to control the system. Such, however, 
is not the case in vitamin C-deficient animals. Reduction of 
complement of these deficient animals by means of H.S, NaS.O,, 
or ascorbic acid rapidly improves the titer of their serums, indi- 
eating a possibility of oxidation in vivo during vitamin C deficiency. 
On standing, complement gradually loses its activity. Here 
again, the phenomenon appears to be of an oxidative type, since 
reduction will restore the activity of the weakened complement 
provided that the oxidation is not continued beyond the point 
of reversibility. 

Iodine, quinone, H,O:, and Oy, oxidize sulfhydryl to disulfide. 
On this basis the most probable reaction in a complement system 
would seem to proceed as follows: 


(1) 2 complement—SH = complement—S—S—complement + (2H) 


Cu,0 and C,H;HgCl are known to be almost specific for thiol 
compounds and form mercaptides. The nature of these reac- 
tions may be as follows: 


(2) 2complement—SH + Cu,0 = 2 complement—S—Cu + H,0 
(or) 
(3) Complement—SH + Cl—HgC,.H; — complement—S—HgC,H, + HCl 
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Since the filtrates of complement treated with CuO and 
CsHsHgCl showed full complementing activity in latent form, the 
possibility of adsorption phenomena is thereby eliminated. 

In the case of the reductants, like HCN and H.S, we may as- 
sume that the reactions occur as follows: 


(4) Complement—S—S—complement + HCN = complement—SH + 
complement—SCN 
(5) Complement—S—S—complement + HSH = 2 complement—SH + 8 


From expressions (4) and (5) it is clear that HS could theo- 
retically cause regeneration of all the sulfhydryl originally present 
before oxidation, whereas HCN can regenerate only one-half. 
This is roughly supported by our data. 

H.S had a marked reactivating effect on all oxidized comple- 
ment and complement treated with heavy metals. KCN seemed 
to have but slight effect on iodine-inactivated complement. The 
effect of ascorbic acid was comparable to that of H,S. Comple- 
ment inactivated by CusO was reactivated by KCN and not by 
ascorbic acid. It can therefore be assumed that KCN, and not 
ascorbic acid, possesses the ability to regenerate sulfhydryl groups 
from their metallic derivatives in this case. 

The fact that iodine- and Cu,O-inactivated serums could be 
reactivated with heated serum, third and fourth components, 
indicates that no known component is affected by these agents. 
This would seem to prove that these reagents operate on a differ- 
ent component or components, or that only a typical oxidation 
of the complex occurs. 

A great many details remain to be studied. The important 
observation is that complement is controlled by oxidation and 
reduction and greatly resembles certain hydrolytic enzymes. 


CONCLUSIONS 


1. Complement obtained from scorbutic guinea pigs can be 
reactivated by various reductants, like H2S, ascorbic acid, and 
sodium hydrosulfite. 

2. Aged complement not more than 22 days old can be reac- 
tivated by H.S, while 8 day-old complement can be reactivated 
by either HS or ascorbic acid. 
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3. Normal complement can be reversibly inactivated by a 
variety of oxidizing agents provided that the inactivation be 
controlled (iodine, H,O2, quinone, and O,). The same holds true 
for CuzO and CsH;HgCl. Complement inactivated by these 
agents can be regenerated by various reductants like HS, ascorbic 
acid, etc. 

4. Normal complement inactivated by controlled oxidation 
with the agents mentioned above can also be regenerated by 
heat-inactivated complement and by complement lacking the 
third or the fourth components. 
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COMPLEMENT FUNCTION AS INFLUENCED BY 
SZENT-GYORGYI’S HEXOXIDASE* 


By E. E. ECKER, L. PILLEMER, E. W. MARTIENSEN, anp 
D. WERTHEIMER 


(From the Institute of Pathology, Western Reserve University and University 
Hospitals, Cleveland) 


(Received for publication, November 1, 1937) 


In the course of work on controlled oxidation and reduction of 
complement of guinea pig serums, it was shown that the activity 
probably depended on certain oxidation-reduction systems (1). 
The reducing function of ascorbic acid was clearly demonstrated. 

Both ascorbic acid and glutathione (GSH) are the most active 
reductants of living tissues and form oxidation-reduction systems 
which are chemically reversible. 

Hopkins and Morgan (2) have recently shown mutual rela- 
tions displayed by glutathione (GSH) and ascorbic acid in the 
presence of a hexoxidase extracted from florets and the central 
white stalks of the cauliflower. The enzyme was described by 
Szent-Gyérgyi (3, 4) in 1928 and this author showed that the en- 
zyme oxidizes ascorbic acid reversibly. He remarked that, “Glu- 
tathione remains unoxidized in the presence of hexoxidase. If, 
however, hexuronic acid is present, the glutathione is oxidized; 
the hexuronic acid plays the réle of catalyst; it is oxidized by the 
enzyme and reduced by glutathione.” 

Hopkins and Morgan concluded that when ascorbic acid and 
glutathione are together in the presence of the hexoxidase the 
glutathione wholly protects the vitamin from oxidation and that 
only when the glutathione has practically disappeared does 
oxidation of ascorbic acid begin. 

They have also pointed out that oxidized ascorbic acid may be 


* Aided by a Grant-in-Aid, Division of Medical Sciences, National 
Research Council. 
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reduced in the presence of the enzyme 5 times as fast as the 
rate of oxidation. 

In view of the relationship between ascorbic acid and comple- 
ment function, it was deemed of interest to determine the effect 
of Szent-Gyérgyi’s enzyme upon complement activity. 


Method 


The enzyme strength was not standardized because the same 
preparation was used for each set of experiments. The hexoxidase 
employed was prepared by three different methods. Florets and 
central white stalks of cauliflower were the source of the enzyme 
and only home-grown fresh cauliflower was used throughout. 

The first preparations were made by grinding the florets and 
stalks in a meat chopper and extracting the juice by pressure 
and through double thickness of gauze. The material was centri- 
fuged four times and the supernatant liquid decanted. The pH 
was adjusted to 7. By this method the enzyme solution was 
highly colored and slightly turbid. 

The enzyme was also prepared by the method of Hopkins and 
Morgan in which the juice was expressed by means of a screw 
press, filtered through linen, and centrifuged. A clear, slightly 
colored liquid preparation was the result. 

Finally, the enzyme was concentrated and purified by the 
method of Szent-Gyérgyi (4) (1931). The expressed juice was 
saturated with (NH,)2SO, and the precipitate resuspended in 
m/15 phosphate buffer of pH 5.9. This was allowed to stand in 
the refrigerator overnight, centrifuged, and the supernatant 
liquid adjusted to pH 7. All the preparations, in the amounts 
employed, showed no hemolytic effects by themselves. The en- 
zyme can also be concentrated and purified with MgSO,. 

The above preparations were dialyzed for a period of 48 hours 
in running tap water, tested for the presence of SO, ions, and 
brought up to isotonicity with NaCl. 

All the reagents used were prepared with triple glass-distilled 
water and the glassware was free of heavy metals. The same 
method of complement titration described in preceding articles 
has been followed and the results are given in per cent of activity. 
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EXPERIMENTAL 


Fresh guinea pig complement was diluted (1:10) with Brooks’ 
solution and varying amounts (0.2 to 2 cc.) of the hexoxidase 
preparation were added to 1 cc. portions of the diluted comple- 
ment. The mixtures were allowed to incubate at 37° for 1 hour, 
after which time Brooks’ solution was added to make a final dilu- 
tion of 1:30. The complement was then titrated as described 
elsewhere (1). 

Action of Undialyzed Hexorxidase on Complement—An experi- 
ment showed divergent results in the case of the effects of crudely 
ground and pressed cauliflower juice. 0.2 cc. of the ground and 
extracted juice lowered complementary activity, while larger 
amounts (1.2 cc.) allowed full activity. The pressed juice in 
amounts ranging from 0.2 to 2 cc. reduced complementary activ- 
ity. A maximum of 60 per cent reduction of activity was ob- 
served when 1.2 to 2.0 cc. of the enzyme were employed. It may 
be assumed that in the ground preparations certain cellular sub- 
stances were carried over, acting as inhibitors or reductants. 

Action of Dialyzed Enzyme on Complement—The dialyzed en- 
zyme inactivated complement in comparatively small amounts. 
0.2 cc. of the ground and dialyzed enzyme caused 60 per cent loss 
of activity. When purified by the method of Szent-Gyérgyi, it 
gave a 45 per cent loss of complement titer. Total inactivation 
was observed with 0.4 cc. of these preparations. No reduction 
effect was found in the case of the dialyzed enzyme. 

It is of interest that Hopkins and Morgan observed no differ- 
ence in the ability of the undialyzed or dialyzed extracts to oxi- 
dize ascorbic acid, but found that the rate of reduction of the vita- 
min was much more accelerated in the undialyzed than in the 
dialyzed preparations. They also stated that the rate of reduction 
is less than the rate of oxidation in the dialyzed preparations. 

Thermolability of Hexoridase—The hexoxidase prepared by the 
method of Szent-Gyérgyi was subjected to temperatures of 56°, 
66°, and 100° respectively for 30 minutes. The heat-treated 
preparations (1 cc.) were then incubated with fresh complement 
(2 ec. of a 1:20 dilution) for 1 hour. The hexoxidase was almost 
completely inactivated at 56° and totally at 66°. The fraction of 
the juice capable of complement inactivation is therefore thermo- 
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Effect of H,S, Ascorbic Acid, and Various Components of Comple- 
ment on Hexoxidase-Inactivated Complement—Complement was 
inactivated with the purified hexoxidase, and 1 cc. samples of a 
1:20 dilution of the inactivated complement were treated respec- 
tively with 0.5 cc. of H»S water, 1 mg. of ascorbic acid per ce., 
and a combination of these two, 0.5 cc. (1:10) of heat-inactivated 
complement, 0.5 cc. (1:10) of yeast-inactivated complement, 
and 0.5 ec. (1:10) of NH;-inactivated complement. The mix- 
tures were incubated at 37° for 30 minutes. 

The hexoxidase-inactivated complement was restored 33 per 
cent by the addition of H:S water, 37 per cent by ascorbic acid, 
and a combination of these two agents gave a 43 per cent return 
of activity. The inactivated complement was markedly reac- 
tivated by the various components of complement. NH;- and 
yeast-treated complements yielded each 66 per cent reactivation 
and heat-inactivated complement gave a 71 per cent return. It 
was, however, noted that in uncontrolled oxidation (incubation 
period of 3 hours) complement may be irreversibly changed so 
far as reactivation by H,S, ascorbic acid, and the third compo- 
nent (yeast-treated complement) is concerned. Heat- and NH; 
treated complements gave results similar to those observed under 
controlled oxidations; namely, 66 and 71 per cent returns. It can 
therefore be assumed that in this type of uncontrolled oxidation 
the third component is affected. 


DISCUSSION 


It has been demonstrated that complement activity is depend- 
ent on a state of reduction for its optimum effect. It is therefore 
self-evident that if an agent could be found which would act 
specifically on certain oxidation-reduction systems in the tissues 
and blood, the nature of the mechanism would be greatly clarified. 

Szent-Gyérgyi (4) in 1931, Tauber and coworkers (5) in 1935, 
and Hopkins and Morgan (2) in 1936 have observed that hexoxi- 
dases are highly specialized in their activity. If such is the case, 
it can be assumed that the purified enzyme employed in this 
study specifically acted on ascorbic acid and glutathione (GSH). 

Although the findings in this work are of a different nature 
from those described by Hopkins and Morgan, the final results 
appear to be comparable. These authors noted that in un- 
dialyzed preparations of the hexoxidase, the ability of the hexoxi- 
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dase to oxidize ascorbic acid is the same as that of a dialyzed 
preparation, while the reductive ability of the latter is con- 
siderably altered. 

The results of the present study indicate that the undialyzed 
and dialyzed preparations are markedly different in their actions 
on guinea pig complement. In all probability the undialyzed 
hexoxidase has the power to keep the thiol groupings and ascorbic 
acid in a reduced state, owing to the fact that the reduction of 
these agents must be a more rapid process than the direct enzymic 
oxidizing action. In the dialyzed hexoxidase, the reducing action 
is lost and the direct enzymic oxidizing action is brought into 
full play. 

The observation that the complement-inactivating fraction of 
the plant extracts is thermolabile rules out the possibility of some 
inorganic or other thermostabile substances being anticomple- 
mentary. 

Of interest is the finding that in uncontrolled inactivation with 
the dialyzed hexoxidase, the third component is destroyed. Only 
two other substances are thus far known to destroy the third 
component; namely, yeast and cobra venom. 


SUMMARY 


1. Guinea pig complement is reversibly inactivated by dialyzed 
hexoxidase prepared from the florets and the white stalks of 
cauliflower. 

2. The inactivating portion of the hexoxidase is thermolabile. 

3. In controlled inactivation by dialyzed hexoxidase, H,S and 
ascorbic acid partially reactivate the hexoxidase-treated comple- 
ment. All the known components of complement markedly 
restore the activity of complement treated with the purified 
hexoxidase. 

4. In uncontrolled inactivation by dialyzed hexoxidase, the 


third component is destroyed. 
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CHEMICAL AND IMMUNOLOGICAL STUDIES OF THE 
EFFECTS OF RADIANT ENERGY AND OF OXIDATION 
ON CRYSTALLINE UREASE 
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EDWARD MUNTWYLER 


(From the Department of Biochemistry and the Institute of Pathology, Western 
Reserve University, Cleveland) 


(Received for publication, November 1, 1937) 


The present investigation was undertaken to secure information 
as to the chemical and immunological nature of the effect of ultra- 
violet light and of oxidation on crystalline urease. 

Solutions of urease were subjected to irradiation and to oxida- 
tion. These solutions were then treated with various reducing 
agents and compared, also, as to their antigenic characters. 

It will be seen from the data and charts presented herein that 
the nature of the change produced is different in the two cases. 

Jacoby (1933) studied the effect of various heavy metals on 
urease and its reactivation by KCN. Perlzweig (1932) suggested 
that sulfhydryl groupings might be responsible for the activity of 
urease. Sumner and Poland (1933) showed the presence of a 
sulfhydryl group in the urease molecule. Hellerman, Perkins, 
and Clark (1933) subjected urease to oxidation and reduction and 
demonstrated the reversibility of the reaction. Pincussen (1923), 
while studying the effect of ultraviolet light on urease, observed 
that the enzyme was destroyed by irradiation and that boiled 
urease has a reactivating effect. Collier and Wasteneys (1932) 
noted that non-crystalline urease was inactivated by ultraviolet 
light and by infra-red rays. Tauber (1930), using a crystalline 
preparation of urease, found that ultraviolet light inhibits urease 
and that this inactivation is inversely proportional to the distance 
of the sample from the arc. Kubowitz and Haas (1933) deter- 
mined the absorption and destructive spectra and observed that 
the two coincided. 

So far as we have been able to find, the literature yields no 
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information on the effect of various reducing agents on irradiated 
urease. It was therefore deemed of interest to study the effect 
of various reductants on irradiated urease and the action of ultra- 
violet light on urease in an oxygen-free menstruum. The irradi- 
ated and oxidized enzymes were further investigated for their 
immunological behavior. 


Material and Methods 
Chemical 

Crystalline Enzyme—Sumner’s (1926) method for the crystal- 
lization and recrystallization was followed throughout these 
studies. Extreme care was taken in preparing all reagents and all 
glassware was freed of traces of heavy metals. Under these condi- 
tions crystallization was easily accomplished. No _ protective 
colloid, such as gum arabic, was used, since only freshly prepared 
urease crystals were employed. 

The enzymic activity was measured in units, 1 unit being the 
amount necessary to hydrolyze 1 mg. of N from a 3 per cent urea- 
buffer solution in 5 minutes at a temperature of 20°. This 
method is essentially the same as that advocated by Sumner. 

Reagents—H.S water was obtained by bubbling H2S through 
triple distilled water until saturated. KCN and sodium hydro- 
sulfite solutions were prepared from Merck’s Blue Label Reagents 
dissolved in triple glass-distilled water. The standard Nessler’s 
solution and 3 per cent urea-buffer solution employed were the 
same as used by Sumner. Acetone was triple distilled from fused 
calcium chloride and soda lime. The buffers (phosphates) were 
made up according to Sérensen. 

Apparatus—Irradiation of the crystalline urease was carried 
out with a carbon arc lamp which was kindly placed at our 
disposal by the National Carbon Company of Cleveland. It 
proved very satisfactory. The C type of carbon was the most 
satisfactory. The materials were exposed in quartz tubes. 

For the oxidation of the enzyme we made use of an aeration 
apparatus similar to that used in urea determinations. 

Methods of Inactivation and Reactivation—Two methods of 
inactivation were used: radiant energy and oxidation. Crystal- 
line urease of a dilution of 10 units per cc. was irradiated by the 
use of a C carbon, a rich source of ultraviolet rays, for various 
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periods of time and controls of urease in plain glass tubes were 
simultaneously exposed so as to rule out possible deviations 
through heat denaturation. The temperature of the laboratory 
was 20°. Immediately after irradiation the activity of the en- 
zyme was determined, since treated enzymes that were allowed 
to stand at room temperature showed a continued decrease of 
activity. 

Anaerobic irradiation was performed by repeated exhaustion of 
all air from the tubes and the tubes were refilled with oxygen- 
free nitrogen. All the tubes were tightly sealed. 

Solutions of urease were oxidized by bubbling air through the 
solution for various periods of time. A trace of CugO was added 
to accelerate inactivation. The air was bubbled through slowly, 
so that no defoaming reagent was needed. The temperature was 
kept at about 25°. Inactivation through iodine was accomplished 
with 0.002 N iodine. 

The reductants were added to the various inactivated urease 
solutions and allowed to stand at 25° for 15 minutes, after which 
time the activity was immediately determined. 


Immunological 


Urease Preparations—Recrystallized urease was used through- 
out, since only an antigen of the highest purity can be relied upon. 
No preservative was added and fresh solutions were prepared for 
each injection. The injections were made by the intraperitoneal 
route. Just before the injection the solutions were made isotonic 
with NaCl and the volume of the solution was kept as small as 
possible. Irradiated, oxidized, and boiled urease containing 
originally the same number of units was treated as above and used 
for immunization. 

Animals—Medium sized rabbits were employed. Before injec- 
tions were begun the serum of each animal was tested for the pres- 
ence of natural antibodies against irradiated, oxidized, boiled, and 
undenatured urease. All animals were kept on a mixed diet and 
all food was withheld for a period of 24 hours prior to each 
bleeding. 

Method of Immunization—Weekly injections were given over a 
period of about 10 weeks. The amounts of urease injected ranged 
from 5 units to a final dose of 500 units. 
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Tests for Immunity—Precipitation (ring test), determination of 
the antiurease titers of the serums, and the survival of the ani- 
mals following the injection of massive doses of the active enzyme 
were used as tests for immunity. 3 cc. of blood were drawn into 
the paraffin-coated centrifuge tubes before each injection. The 
separated clear serum was diluted (1:32) with 0.85 per cent saline. 
The antigen (urease) was diluted so that 1 cc. contained 5 units. 

The ring test was performed in Hektoen tubes which were 
thoroughly cleaned with dichromate solutions and rinsed with 
double distilled water. 1 drop of the urease was layered on 1 
drop of serum. The tubes were kept for 1 hour at 37°. 

The test for antiurease was essentially the same as described 
by Kirk and Sumner (1931-32) 1 unit of antiurease being the 
amount that will neutralize 1 unit of urease. This test is the most 
delicate, since the neutralizing antibodies exert their effect upon 
the activity of the enzyme and can therefore be measured. 

The test for resistance against massive doses of the urease 
was accomplished by the intraperitoneal injection of 500 units 
(10 times the minimum lethal dose) of urease into each test ani- 
mal 3 weeks after the last injection was made. 

Reactivation of Oxidized Urease with Tissue Extracts and Blood— 
The tissues (liver and kidneys) were obtained from normal rats 
killed by a blow. The tissues were freed of all extraneous ma- 
terials and ground with washed sand. The ground up mass was 
then extracted with constant stirring with equal parts of triple 
distilled water. After a 10 minutes extraction, the mass was 
centrifuged at high speed. 3 cc. of the supernatant fluid were 
added to different samples of oxidized urease and allowed to 
incubate at 37° for 30 minutes. The emulsion was then brought 
to a temperature of 20° and 1 cc. of Sumner’s 3 per cent buf- 
fered urea solution was added. This was kept at 20° for 5 
minutes, and 2 ce. of freshly prepared 10 per cent metaphos- 
phoric acid were added. Precipitated proteins were centri- 
fuged off. The supernatant liquid was then nesslerized and 
the ammonia N determined. Controls were run at the same time 
on the tissue extracts for NH; and urea. Recovery tests by the 
above methods showed little error. 

The same procedure was followed in the case of whole blood. 
3 cc. of citrated blood were employed instead of tissue extracts. 
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EXPERIMENTAL 


Preliminary studies showed that crystalline urease can be re- 
versibly inactivated by oxidizing agents, such as iodine, and also 
by aeration. After controlled inactivation, H:S water gave 80 
per cent reactivation and KCN showed 60 per cent reactivation. 

The influence of ultraviolet light on crystalline urease and the 
effect of H:S and of KCN on the irradiated products were then 
studied. Irradiation was carried out at a distance of 45 cm. from 
the carbon arc. No denaturation by heat was noticed, as con- 
trols showed no inactivation of the enzyme. 

Samples were taken at 5, 10, 15, 20, 25, 30, and 60 minute 
intervals. The samples were then incubated with 2 cc. of H,S 
water, and 1 cc. of 0.05 nN KCN respectively. Activity was imme- 
diately determined after 15 minutes at 25°. 

Crystalline urease was rapidly and permanently destroyed by 
irradiation by ultraviolet light. The extent of inactivation was 
about 35 per cent with 10 minutes irradiation, 70 per cent in 20 
minutes, and 90 per cent in 30 minutes. The process is not revers- 
ible, since the reducing agents had no apparent reactivating 
effect. 

Crystalline urease was sealed in quartz test-tubes and con- 
nected to a 2-way stop-cock. The solutions were repeatedly ex- 
hausted of all air, and subsequently refilled with O--free nitrogen. 
The same procedures employed before were then followed. It 
was found that the course of inactivation was substantially unaf- 
fected by the presence of air, potassium cyanide, or hydrogen 
sulfide. It was again impossible to reactivate the irradiated 
products with H.S water. 

The second series of experiments conducted was purely im- 
munological. The results of this series are given in Tables I 
to III. 

Table I indicates the results of the antigenic properties of the 
various urease compounds by the precipitin (ring test) method, 
and the method of Sumner for measuring the amount of apnti- 
urease evolved. 

From these results it is seen that the oxidized urease and the 
original active preparation yielded the same antigenic response, 
and immunity was produced by both products. It seems that the 
irradiated urease and the boiled urease were unable to produce a 
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specific antiurease. It is of interest to note the rapidity of the 
formation of antiurease in the animals. 

The resistance of the experimental animals to 500 units of 
urease, 3 weeks after the final injection, was striking. The ani- 
mals which had been inoculated with oxidized and non-oxidized 
urease suffered no apparent ill effects and remained well, while 


Tase I 
Results of Antigenic Properties of Various Urease Compounds 
Rabbits were injected after each bleeding with doses of crystalline urease 
ranging from the initial dose of 5 Sumner units to a final dose of 500 units, 
Equivalent amounts of oxidized, boiled, irradiated urease were given to 
designated animals. 




































































Hu Urease Irradiated urease | Oxidized urease 
J —|- yom 
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* Animals injected with boiled urease produced no antiurease. 
t 1 unit of urease is neutralized by 1 unit of antiurease. 

? Crystalline urease. 

§ Dead. 


the animals previously injected with the boiled and the irradiated 
enzyme died of urease poisoning (ammonia poisoning) within 2 
to 3 hours after the injection. 

Table II shows the results of cross-precipitation of the various 
enzyme preparations and their homologous serums. The data 
are again self-evident. It is seen that the specificity of the irradi- 
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ated enzyme to react in vitro with active crystalline urease anti- 
serum is not lost, while the oxidized urease seems to have lost 
this power. It is of great interest to note that the ability of the 
various antigens to induce a precipitate in non-homologous serums 
is divergent. The possible explanation of these phenomena is 
given in the discussion. 

Table III summarizes the results of studies on the reactivation 
of oxidized urease with tissue extracts and whole blood. 


Taste II 
Cross-Precipitin Tests on Different Serums and Urease Preparations 























Antiserume from Irradiated Oxidized Boiled Urense 
Oxidized urease............... +++ ++ - ++++ 
Irradiated urease.............. ++++4+ + ++ /. 
ee - + ++4+++ + 
Crystalline urease............. +++ + + ++4++4+ 

Taste III 


Effect of Tissue Extracts and Whole Blood on Crystalline, Irradiated, and 
Oxidized Urease 








Urease Activity 3 an —— ~ 
extract added | blood added 
units unils units 
mma: Nowmal................. 5 5.2 5.3 
RSS. 5. ieee renin 1.9 3.95 1.7 
Ipvadioted.........%...<. 2.1 1.95 2.35 
a wn wre eo cinta i 0 1.72 0 
Cg” ee 5 5.3 5 
Eres eas) 0 1.78 0 
OS FR 1.2 1 1.3 














Tissue extracts have a reactivating effect on oxidized urease, 
while blood has no such action. There is no apparent change in 
the activity of the irradiated products. 


DISCUSSION 


The question as to whether it is possible to induce immunity 
with reversibly inactive enzymes and not with irreversibly inac- 
tive enzymes is of fundamental importance because the answer 











CT 


& 


pt 28% 





2 i ce 











372 Crystalline Urease 


may give us some insight, not only into the antigenic character of 
these agents, but also some information as to their chemical 
nature. The answer is beset with several difficulties. First, one 
cannot be certain that the enzyme has been completely inac- 
tivated. Second, the production of immunity to enzymes has been 
a difficult task. Third, there had been no mechanism for the 
accurate measurement of immunity to enzymes, until the intensive 
studies of Sumner and coworkers appeared. Fourth, before the 
period of crystallization of urease, no pure enzyme was available 
for such a study. 

Crystalline urease overcomes all of these difficulties. It has 
been shown by Sumner that this preparation is ideal for the study 
of the réle of enzymes in antibody formation. So, with the afore- 
mentioned difficulties overcome, it seemed of great interest to 
study the production of immunity by different inactive urease 
preparations. 

We have shown that oxidized urease has the capacity to form 
antiurease in amounts almost similar to that formed by the active 
crystalline preparations, while the irradiated preparations do not 
have this property. It will be recalled that in the chemical 
aspects of these experiments oxidized urease could be reversibly 
reactivated, while tnis could not be accomplished with the irradi- 
ated enzyme. This fact points to the possibility that the irradi- 
ated enzyme is denatured and that a marked change has occurred 
in its protein molecule. It can also be assumed that no such 
change took place in the oxidized enzyme, and that in all prob- 
ability a change occurred in a side chain or in some chemical 
linkage in the compound. The most reasonable assumption is 
the one offered by Hellerman, showing that the —SH groupings 
are oxidized to —S—S— groupings. 

Stanley (1936) found no change in the immunological properties 
of the tobacco mosaic virus after irradiation. As has been men- 
tioned before, the biological method of test for the activity of an 
enzyme or virus is far less specific than a chemical one. Al 
though virus and enzymes have often been compared and con- 
sidered similar, recent studies seem to show this to be an error. 
Poland (unpublished) found that formolized urease yielded no 
antiurease, while Stanley (1936) and Chester (1936) obtained the 
same immunological response with tobacco virus that had been 
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treated with formaldehyde as with normal tobacco virus. It is 
probable that we are dealing with two separate entities. 

Landsteiner (1936) and others have recently shown the parts 
played by hapten groups and the protein colloids associated with 
them. The hapten group supplies the specificity but has no 
apparent antigenicity. The antibody-producing substance is 
conveyed by the protein body of the molecule. The data ob- 
tained by cross-precipitations shows the possibility that the sulf- 
hydryl groupings (or whichever group is oxidized and reduced) 
may carry the specificity of the compound. It has been shown 
here that irradiated urease has the ability to precipitate the 
serums from animals immunized with oxidized and active urease, 
while oxidized urease has far less ability to do this. It will be 
noticed also that each enzyme preparation has the capacity to 
precipitate its homologous serum, thereby demonstrating the 
presence of an active specific antigenic portion in their individual 
compositions. 

Blumenthal (1936) found that the precipitability of serum al- 
bumin is irreversibly decreased after reduction of the disulfide 
groups, and, as an explanation, the author suggests either par- 
ticipation of the —S—S— and —SH groups in the reaction, or 
a splitting of the antigenic molecule by opening of the —S—S— 
linkage. 

The fact that oxidized urease can be actively reduced with 
tissue extracts, and not by blood, points to the mechanism by 
which the oxidized urease is made specifically antigenic in the 
animal. This activation can be accounted for by the presence of 
glutathione in the tissues, which has been shown by Borsook and 
coworkers to reduce dehydroascorbic acid in vitro to the reduced 
ascorbic acid. 

Further studies along this line may throw light on this insuffi- 
ciently explored field of the specificity of immune reactions. 


SUMMARY 


1. Oxidized urease may be reactivated with reducing agents 
such as HS and KCN. This confirms the work of Hellerman. 

2. Crystalline urease is rapidly and permanently destroyed by 
exposure to ultraviolet light. Urease inactivated by irradiations 
cannot be reactivated by the various reducing agents. 
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3. Immunologically, urease and oxidized urease produced 
similar antibody, while irradiated urease failed to produce 
antiurease. Animals immunized with oxidized urease were able 
to withstand 10 times the minimum lethal dose of active urea 
while animals immunized with irradiated urease succumbed. 

4. Tissue extracts reactivated oxidized urease, but did not 
tivate irradiated urease. Whole rabbit blood did not reactiy 
oxidized urease. 

5. Sulfhydryl groupings appear to enter into the antigenie | 
specificity of the enzyme urease. f 


BIBLIOGRAPHY 


Blumenthal, D., J. Biol. Chem., 118, 433 (1936). 

Chester, K.8., Phytopathology, 26, 702 (1936). 

Collier, H. B., and Wasteneys, H., Australian J. Exp. Biol. and Med. § 
9, 89 (1932). 

Hellerman, L., Perkins, M. E., and Clark, W. M., Proc. Nat. Acad. Se, 
19, 855 (1933). ‘ 

Jacoby, M., Biochem. Z., 262, 181 (1933). 

Kirk, J. 8., and Sumner, J. B., J. Biol. Chem., 94, 21 (1931-32). 

Kubowitz, F., and Haas, E., Biochem. Z., 267, 337 (1933). 

Landsteiner, K., The specificity of serological reactions, Baltimore (1936), 

Perlsweig, W. A., Science, 76, 435 (1932). 

Pincussen, L., Biochem. Z., 142, 228 (1923). 

Stanley, W. M., Science, 83, 626 (1936). 

Sumner, J. B., J. Biol. Chem., 69, 435 (1926). 

Sumner, J. B., and Poland, L. O., Proc. Soc. Exp. Biol. and Med., 90, 
(1933). 

Tauber, H., J. Biol. Chem., 87, 625 (1930). 





